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Conversion  Factors,  Non-SI  to 
Si  Units  of  Measurement 


Non-SI  units  of  measurement  used  in  this  report  can  be  converted  to  SI  units 
as  follows: 


j  Multiply 

By 

To  Obtain 

acres 

4,046,873 

square  meters 

cubic  yards 

0  7645549 

cubic  meters 

- 

f  Siioyton:) 

Geisius  caegrees' 

feet 

0.3048 

meters 

gallons  (U  S.  liquid) 

3./85412 

liters 

gauss 

0  0001 

tesla 

inches 

254 

centimeters 

miles  (U  S  statute) 

1.609347 

kilometers 

pounds  (mass) 

0  4535924 

kilograms 

tons  (rretnc) 

1,000 

kilograms 

tons  (2,000  pounds,  mass) 

907  1  847 

kilograms 

watts  per  square  inch 

1,550.003 

watts  pet  square  meter 

’  To  obtain  Celsius  (C)  temperature  readings  from  Fahrenheit  (F)  readings,  use  tfie  following 
fo.mula:  C  =  (5/9)  (F  -  32). 
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Introduction 


Background 

The  U.S.  E'epartment  of  Defense  (DoD)  has  numerous  sites  that  are  con¬ 
taminated  with  organic  compounds.  These  chemicals  threaten  the  overall 
integrity  of  one  of  the  country’s  most  valuable  resources — groundwater. 
Unfortunately,  extensive  groundwater  contamination  has  already  occurred  at 
many  of  these  sites,  requiring  that  some  form  of  groundwater  remediation  be 
initiated.  Recent  estimates  indicate  that  the  DoD  has  responsibility  for  cleanup 
of  an  estimated  12,000  sites.  Cost  estimates  for  the  cleanup  of  12,000  sites 
using  traditional  treatment  technologies  are  astronomical.  Recent  regulatory 
trends  hi  ve  further  compounded  the  economic  and  technical  dilemma  facing 
the  DoD  with  respect  to  the  vast  cleanup  effort  it  must  undertake. 

Traditional  technologies  for  treatment  of  organics-contaminated  ground- 
water,  such  as  activated  carbon  and  air  stripping,  can  be  cost  prohibitive  and 
do  not  result  in  the  onsite  destruction  of  the  contaminants.  Activated  carbon 
and  air  stripping  simply  result  in  the  transfer  of  contaminants  from  the  liquid 
phase  onto  the  solid  phase.  Current  costs  associated  with  the  implementaiion 
of  these  technologies  range  from  $0.75  to  $10.00  per  thousand  gallons  treated. 

Innovative  treatment  technologies  based  on  physical,  chemical,  and  biologi¬ 
cal  processes  offer  remediation  alternatives  that  are  technically,  economically, 
and  politically  more  attractive.  Among  these  innovative  technologies,  biologi¬ 
cal  treaunent  systems  (biotreaiment)  arc  considered  to  be  one  of  most  econom¬ 
ically  aijd  technically  promising.  Cost  estimates  for  groundwater  biotrcatinent 
processes  tend  to  fall  within  the  lower  bounds  of  the  same  cost  range  presented 
for  activated  carbon  and  air  stripping,  yet  biological  processes  provide  oasite 
destruction  of  the  contaminants. 


Biotreatment  Processes 

Biological  treatment  (biotreatment)  of  organic  contaminants  has  recently 
enjoyed  much  popularity  as  a  potential  treatment  technology  for  remediation  of 
contaminated  sites.  Although  biotrcatmeni  is  a  promising  technology,  it  is  not 
a  panacea.  Knowledge  of  the  current  positive  and  negative  aspects  of  all 
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configurations  of  biotreatmcni  must  be  identified  before  the  technology  can  be 
properly  implemented.  Biotrcatment  technologies  can  be  divided  into  two 
main  implementation  categories:  aboveground  and  in  situ.  Use  of  abovc- 
grouiid  systems  requires  excavation  of  the  contaminated  soils  or  extraction  of 
contaminated  groundwater  followed  by  treatment  in  aboveground  reactors. 
Examples  of  such  sysiems  include  activated  sludge,  sequential  batch  reactors, 
and  bioslurry  reactors.  Treatment  of  contaminated  aquifers  docs  not  always 
require  excavation  of  soil.  Pump-and-trcal  systems  involve  removal  of  the 
contaminants  from  the  soils  via  desorption  into  the  groundwater  followed  by 
ueatment  of  the  groundwater  in  an  aboveground  bioreactor.  The  treated 
groundwater  is  then  injected  back  into  th.'  aquifer  for  recirculation  through  tlic 
contaminated  portion  of  the  aquifer. 


Activated  Sludge  Fundamentals 

Activated  sludge  is  a  suspended  growth  biotreatment  technology  that  has 
been  used  exteasively  in  tlie  United  States  for  treatment  of  municipal  waste- 
waters.  The  design  and  operation  of  aerobic,  suspended  growth  biorcactors  for 
municipal  wastewater  treatment  is  well  documented  (Metcalf  and  Eddy  1991; 
Sundstrom  and  Klei  1979).  The  technology  has  also  seen  some  usage  as  a 
means  of  treating  contaminated  industrial  wastewaters  and  groundwaters. 

Treatment  of  industrial  wastewaters  containing  similar  compounds  found  in 
many  contaminated  groundwaters  is  wcU  documented  (Nayar  and  Sylvester 
1979;  Wong  and  Goldsmith  1988;  Kincannon  ct  .  1989),  indicating  a  high 
potential  for  use  of  activated  sludge  as  a  means  of  treating  contaminated 
groundwater.  Biological  treatment  of  contaminated  groundwaters  containing 
volatile  organic  compounds  (VOCs)  using  activated  sludge  systems  has  been 
successfully  accomplished  by  a  variety  of  researchers  (Weber  and  Jones  1986; 
Zappi  ct  al.  1990;  Zappi,  Teeter,  and  Francingues  1990;  Folsom  and  Chapman 
1991;  ABB  Environmental  Inc.  1991;  Speitcl  and  Leonard  1992).  Unfortu¬ 
nately,  activated  sludge  sysiems  utilize  sparging  ol  air  or  pure  oxygen  as  an 
oxygen  source  for  the  microorganisms,  which  can  result  in  signiticani  volatil¬ 
ization  (via  snipping)  of  VOCs  into  the  process  gas  stream  exiling  the  reactor. 
If  the  levels  of  VOCs  in  the  process  gases  exceed  contaminant  release  criteria 
governing  the  site,  then  costly  treatment  of  the  process  gases  arc  usually 
required. 

Activated  sludge  (AS)  is  a  biological  process  that  utilizes  acclimated  bacte¬ 
ria  for  llic  aerobic  degradation  of  contaminants  in  wastewater.  Figure  1  is  an 
illustration  ol'  a  typical  AS  treatment  system.  The  term  “acclimated"  means 
that  the  bacteria  consortium  utilize  the  organic  contaminants  in  the  influent  as 
their  food  source  The  populations  of  bacteria  in  the  aeration  lank  arc  so  great 
that  tlic  air-activated  organic  biological  solids  made  up  primarily  of  dense 
colonics  of  bacteria  arc  referred  to  as  AS.  The  AS/wasicwatcr  slurry  in  tlic 
aeration  tank  is  commonly  k;  iwn  as  the  mixed  liquor  (ML),  ITie  ML  is  kept 
in  suspension  in  the  aeration  tank  by  using  cither  mechanical  mixers  or 
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Figure  1 .  Schematic  of  a  typical  activated  sludge  system 


diffused  air.  Sin(.:e  biological  solids  arc  volatile,  bacterial  populations  in  the 
ML  are  often  measured  using  ML  suspended  solids  concentrations  (MLSS), 
usually  presented  as  mg  SS/(  ML,  or  ML  volatile  suspended  solids  concen¬ 
tration,  usually  presented  as  mg  VSS/C  ML  (MLVSS).  Indicative  of  how 
highly  populated  AS  systems  are  witli  active  biomass  is  the  use  of  solids  anal- 


aTmIw  ixictioUi vuicni  of  ovcioli  iiAicrobidi  |X)puidii0iis». 


AO  isyMcrns 


are  one  of  the  most  densely  populated  biological  treatment  systems  utilized  in 
the  pollution  remediation  industry.  These  systems  are  orders  of  magnitudes 
(i.e.,  10'°  -  10'^)  higher  in  populations  of  microorganisms  than  other  bioireat- 
ment  technologies  such  as  bioslurry  (10^  -  10^)  or  in  situ  biotreatment 
(1(T  -  10*). 


Hydraulic  retention  time  (HRT) 

The  contaminated  water  fed  into  the  biorcactor,  referred  to  as  influcni.  is 
added  to  the  aeration  tank  at  a  rate  that  is  carefully  controlled  to  achieve  a 
spjecific  hydraulic  retention  time  (HRT).  HRT  has  units  of  time  and  theoreti¬ 
cally  lescribes  the  amount  of  time  a  panicle  of  water  is  retained  in  the  aera¬ 
tion  tank.  HRT  is  calculated  as  follows: 

HRT  =  VJQ^ 


where 

HRT  =  hydraulic  residence  time,  hr 
V,  -  reactor  volume,  gal 
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=  influent  flew  rate,  gal/hr 

HRT  is  a  process  control  parameter  that  essentially  dctenriincs  the  amount 
of  contact  nme  between  the  cortaminanis  and  the  microbial  ermsonia.  'flic 
appropriate  HRT  for  a  given  biorcactor  system  is  highly  dependent  on 
contaminant  biodegradability  and  concentration,  target  trca'.incnt  goals,  and 
settling  characten sties  of  the  ML.  Municipal  wastewater  plants  typically  treat 
relatively  easy-to-degrade  carbon  sources;  therefore  relatively  short  KRTs  arc 
used  (4  to  8  hr).  Since  contaminated  groundwaters  typically  contain  carbon 
sources  that  aie  much  more  difficult  to  degrade  th.an  municipal  water  sources, 
HRTs  on  tlie  order  of  12  to  48  hr  are  not  uncommon.  During  the  acclimation 
phase,  close  observation  of  gross  [wllutari  removal,  MLSS,  ML  VSS,  and 
sludge  volume  index  (SVl)  can  be  used  to  adjust  HRT  accordingly,  'flic 
shorter  the  HPT,  the  smaller  the  bioreactor  icquircinents.  Reduced  bioreactor 
tankage  relates  to  reduced  capital  and/or  operations  costs. 

HRT  is  also  a  good  me  t  of  controlling  tlie  food-to-microorganism  (F/M) 
ratio  of  the  bioreactor  sys-  This  importan'  ratio  essentially  is  a  measure  of 
tlie  organic  loading  exerrec  a  given  mass  of  microorganisms  witliin  the 
reactor.  Appropriate  F/M  ruujs  range  from  0.1  to  0.6  based  on  wastewater 
biochemical  oxygen  demand  (BOD)  and  are  calculated  by  (Sundsirum  and  Klei 
1979) 


F/r4  -= 


fRoni 

i - j, 

SRTIcT 


where 

[BOD],  =  initial  BOD  concentration.  mg/C 
SRT  =  sludge  retention  time,  days 
X  MLVSS,  mg/C 

In  tenns  of  groundwater  treatment,  F/M  is  of  interest  for  mainiaim.ng  ade¬ 
quate  ML  solids  concentrations.  If  HRT  is  loo  high  and  F/M  too  lo’.v,  then  the 
bioreacic.  will  not  be  able  to  supf»ori  appreciable  biomass  populations  bccai..ic 
of  low  organic  loading.  Maintaining  ML. VSS  conccriiraiions  in  cxco'"  o.' 

1,000  mg/C  is  attempted  during  bench-scale  .studies  for  groaudwatc'  'reauueni, 
however,  appropriate  ccntaininam  rcmov.-i  efficiencies  musi  be  iTuuniuincd 
(i.c.,  complex  organics  may  take  quiic  .vomc  time  to  dcgr.n.'ie)  while  keep.’  ,', 
HRT  as  low  as  possible,  'riii:-;  phase  of  ticaiab'iiiy  testing  beconir s  less  oi  a 
science  and  more  of  an  art. 
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Sludge  retentiori  lime  (SRI ) 


As;  ficsh  influmt  enters  ilie  acruiion  taiiK,  ireaied  water  or  effluent  flows  out 
0.^  the  aeration  tank  into  some  form  of  solids  separation.  The  vast  majority  of 
AS  systems  use  clarifiers,  although  the  u>e  of  filtration  devices  such  as  mem¬ 
brane  filters  have  recently  received  much  attention  as  potential  alternatives  to 
clarifiers..  A  clarifier  is  a  density-based  sedimentation  tank  used  to  separate  the 
biosolids  from  the  effluent.  To  keep  a  constant  population  of  bacteria  in  the 
aeration  tank,  a  portion  of  the  thickened  .sludge  (settled  sludge)  is  returned  to 
file,  aeraiioi)  tank.  Since  the  bacteria  arc  constantly  reproducing,  some  of  fiie 
fiiickcned  sludge  must  be  w;;sted  from  the  bottom  of  the  clarifier  or  directly 
from  file  aeration  tank  to  maintain  a  constant  bacterial  population  in  the  aera¬ 
tion  tank.  Tlie  amount  of  bacteria  wfisted  periodically  is  based  on  the  solids 
retention  time  of  the  biological  solids.  The  SRT  or  sludge  age  is  theoretically 
equal  to  the  amount  of  time  a  particle  of  solid  matter  (bacteria)  remains  in  the 
aeration  tank.  Si<T  is  calculated  by 

.  (VOL)  X 

(■V  X  QJ  .  (X,  X  (2,) 


where 


X  =  ML  solids  concentration  (MLSS  or  MLVSS),  mg/f 
X,  --  solids  con'-tenmarion  of  waste  sludge,  mg/f 
Gh.,  =  wLote  sludge  flow,  gal/day 
X,  =•  effluent  solids  concentration.  mg/C 
=  effluent  tlow  rate,  gal/day 

This  process  control  parameter  is  often  u.scd  to  fine-tune  biorcactoi 
performance.  SRT  impacts  boUi  sludge  settling  characteristics,  often  defined 
by  SVl,  and  microbial  populations  (MLSS  or  MLVSS).  Typical  SRTs  range 
f-v-rn  4  to  >20  days  (extended  aeration). 


SRT  may  also  impact  the  degradational  ability  of  the  biomass.  If  possible, 
evaluation  of  various  SRTs  using  multiple  biorcactors  can  generate  data  Unit 
can  be  used  'o  dctcmrinc  several  kinetic  constants.  Evaluation  of  various 
SRTs  will  also  allow  for  evaluation  of  the  impact  of  SRT  on  contaminant 
removal  and  SVI.  However,  determination  of  ihc.se  constants  is  not  absolutely 
necessary,  but  can  be  very  useful  in  later  process  operations. 

SRT  can  also  be  used  for  controlling  F/M  ratio.  Extended  aeration  is  an 
0}x;raiional  regime  w'berc  SRTs  in  excess  of  20  days  arc  u.scd  to  dispose  of 
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sludge  within  the  bioreactor  itself.  The  concept  is  to  allow  the  bioni?.ss  to 
operate  well  into  the  endogenous  decay  phase.  During  endogenous  decay,  the 
biomass  feeds  upon  itself,  thereby  potentially  eliminating  sludge  disposal 
requirements.  Small  AS  plants  (less  thtm  0.1  million  gallons  per  day  (Mgd)) 
treating  municipal  wastewater  are  often  operated  witliin  the  extended  aeration 
range.  Many  groundwater  remediation  systems  may  also  bo  operated  within 
extended  aeration  range. 


Treatnicnt  of  influents  containing  complex  organics 

The  suitability  of  AS  for  the  degradation  of  a  variety  of  complex  xcnobiotic 
compounds  has  been  demonstrated  by  many  rcsearcherr  (Kim,  Humenick,  and 
Armstrong  1981;  Venkataramani  and  Ahlen  1984;  Kelly  1987).  Most  of  the 
research  activities  reviewed  gencraUy  used  the  same  technical  approach  to 
evaluate  biological  treatment  that  was  used  in  this  study.  Tliat  approach  is  that 
a  microbial  consortium  containing  an  extremely  diverse  variety  of  microbial 
types,  such  as  ML  from  an  AS  system,  are  slowly  exposed  to  the  contaminants 
in  the  test  influent.  The  chance  of  success  is  high  because  microbial  popula¬ 
tions  capable  of  completely  mineralizing  the  contaminants  are  usually  present 
in  AS. 

Sanford  and  SmaUbeck  (1987)  used  a  mixed  consonium  of  bacteria  and 
yeast  to  degrade  a  synthetic  wastewater  comprised  of  1(X)  ppm  acetone, 

50  ppm  2-butanone,  and  125  ppm  methyl  isobutyl  ketone  in  bench-scale 
chemostats.  They  concluded  that  treatment  of  ketones  was  successful  within 
48  hr  of  batch  treatment  utilizing  a  stable  consonium  of  microorganisms  and 
yeast 

Kim  and  Maicr  (1986)  evaluated  the  acclimation  and  biodegradation  poten¬ 
tial  of  chlorinated  organic  compounds  in  the  presence  of  cometabolites.  They 
were  able  to  acclimate  a  consortium  of  bacteria  from  a  municipal  AS  plant 
capable  of  degrading  2,4-D  (2,4  dichlorophenoxyacctic  acid)  and  3,5-DCB 
(3,5  dichlorobenzoatc)  under  aerobic  conditions.  Combined  contaminant  con¬ 
centrations  as  high  as  100  mg/f  were  successfully  degraded.  They  concluded 
that  seed  bacterial  consonia  should  contain  as  diverse  a  population  of  microor¬ 
ganisms  as  possible  to  increase  the  probability  of  plasmid  exchange,  and  tliat 
the  acclimation  phase  should  begin  with  an  influent  containing  very  low  con¬ 
centrations  of  the  target  compounds  to  avoid  inhibitor^'  effects. 

Bieszkicwicz  and  Pieniadz-Urbaniak  (1984)  evaluated  the  effect  of  benzene 
and  xylene  at  concentrations  as  high  as  75  and  150  mg/t,  respectively,  on  the 
work  of  an  AS  system.  17icy  concluded  tliat  increased  concentrations  of  the 
target  compounds  generally  decreased  the  chemical  oxygen  demand  (COD) 
removals,  increased  SVl,  increased  the  number  of  bacteria,  and  finally,  altered 
the  morphology  of  the  bacterial  floes. 

Rczich  and  Gaudy  (1985)  evaluated  the  response  of  an  AS  system  to  quan¬ 
titative  loadings  of  phenol.  Phenol  concentrations  of  500  mg/{  were  evaluated 
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as  a  base  influent  concentration.  Initially,  shock  loadings  of  1 ,000  mg/C  of 
phenol  were  imposed  on  the  system  without  significant  disturbances  in  treat¬ 
ment  occurring.  The  AS  system  was  then  shocked  with  2,000  mg/f  of  phenol, 
which  resulted  in  a  collapse  of  tfie  stability  of  the  AS  system.  They  concluded 
that  design  engineers  should  design  AS  systems  that  will  be  treating  possible 
inhibitory  and/or  toxic  compounds  wiili  high  SRTs,  especially  systems  that 
could  be  subjected  to  periodic  shock  loadings  of  contaminants. 

Zappi  et  al.  (1990)  and  Zappi,  Teeter,  and  Franr.ingues  (1990)  evaluated  the 
feasibility  of  using  AS  and  AS  with  powdered  activated  carbon  addition  for 
treatment  of  a  highly  contaminant  groundwater  from  a  Superfund  Site.  Their 
results  indicated  that  AS  was  an  economical  and  technically  atmactive  option 
for  treatment  of  the  groundwater.  The  results  of  that  study  were  used  in  the 
design  of  a  full-scale  treatment  system  that  is  currently  meeting  all  design 
objectives.  As  predicted  by  the  bench-study  results  generated  by  21appi  et  al. 
(1990),  the  full-scale  unit  currently  does  have  to  treat  the  off-gases  from  the 
American  Petroleum  Institute  (API)  separator  and  the  aeration  vessels  of  the 
bioreactor  system. 


Electron  Acceptors  in  Biological  Treatment 

All  biological  treatment  processes  are  essentially  engineered,  ecological  sys¬ 
tems  that  are  managed  via  process  controls  to  provide  tliosc  environmental 
conditions  that  result  in  targeted  beneficial  reactions,  performed  by  microor¬ 
ganisms,  required  for  completion  of  design  objectives.  In  terms  of  AS,  the 
microorganisms  of  prime  importance  arc  bacteria.  Bacteria  arc  single-celled 
organisms  within  which  literally  thousands  of  independent  enzyme-catalyzed 
biochemical  reactions  take  place.  Most  organic  contaminants  undergoing  bio¬ 
logical  treatment  today  are  metab()lized  via  enzymatic-based  oxidation  reac¬ 
tions  that  use  molecular  oxygen  as  the  electron  acceptor.  During  the  metabolic 
degradation  of  organic  contaminants  (also  called  substrates)  within  bioreaciors, 
two  phases  of  mien  bial  reactions  occur.  The  first  phase  involves  the  oxida¬ 
tion  of  the  substrate  to  carbon  dioxide  or  som.c  lesser  carbon  source  and  the 
transfer  of  t'  e  electrons,  e  (i.e.,  hydrogen  atoms),  to  oxidized  forms  of  nucleo¬ 
tides  such  as  nicotinamide  adenine  dinucleotidc  (NAD).  Tlic  second  phase  of 
respiration  is  the  transfer  of  hydrogen  atoms  through  a  variety  of  transfer 
sequences  that  ultimately  results  in  the  regeneration  of  NAD  accompanied  by 
conversion  of  adenosine  diphosphate  (ADP)  to  adenosine  triphosphate  fATPy 
ATP  is  the  energy  carrier  in  all  living  cells.  The  hydrogen  atoms  arc  ulti¬ 
mately  reacted  wiifi  oxygen  to  form  water.  /Vn  overall  reaction  that  describes 
aerobic  cell  respiration  based  on  NAD  liberation  is  presented  below  (Bailey 
and  Ollis  1986); 

NADH  +  H  *  +  0.50^  +  3ADP  -  3P  NAD  *  +  H^O  +  3ATP 
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The  oxygen  in  this  reaction  serves  as  Utc  electron  acceptor  (i.c.,  receives 
hydrogen);  therefore,  during  aerobic  degradation  of  cxmiaminants,  oxygen  is 
often  referred  to  as  tlie  terminal  electron  acceptor.  However,  other  less 
energy-  efficient  electron  acceptors  can  be  used  by  microorganisms.  Ftom  an 
electron  acceptor  usage  staridpc-int,  bacteria  may  be  divided  into  three  cate¬ 
gories:  obligate  anaerobes  (survive  only  in  the  absence  of  oxygen),  obligate 
aerobes  (must  have  oxygen  to  survive),  or  facultative  organisms  (can  survive 
with  and  without  oxygen). 

Nitrates,  sulfates,  and  carbon  dioxide  are  known  acceptors  of  electrons  in 
microbial  processes.  In  tlie  abscnc.e  of  oxygen,  consortia  capable  of  using 
alternative  electron  acceptors  dominate  the  physiological  profile  of  the  consor¬ 
tia.  The  oxidation-reduction  potential  (F.EDOX)  detemtincs  die  dominant 
electron  acceptor  which  has  the  order  NOj  >  SO4  >  COj.  In  nature,  the  oxides 
of  iron  and  manganese  also  act  as  electron  acceptors,  but  tlieir  total  contf.*' 
tion  to  net  metabolic  flux  is  limited  (Lovcl  19‘^1). 

Nitrate  is  an  efficient  electron  acceptor.  Wilsoti  et  al.  (,1986)  successfully 
used  nitrate  as  an  electron  acceptor  for  biodegradation  of  toluene,  ethyl¬ 
benzene,  and  xylenes.  Since  nitrate  again  has  high  solubility  and  a  rather  low 
interaction  with  soil  particics,  necessary  quantities  can  be  easUy  introduced  in 
the  aquifer,  provided  nitrate-utilizing  bacteria  have  had  a  chance  to  develop  in 
file  system.  This  often  requires  anoxic  conditions.  Nitrate  was  considered  as  a 
possible  electron  acceptor  fui  evaluation  duiiiig  inis  study.  However,  nitraie  is 
considered  by  regulatory  entities  as  a  contaminant;  as  such,  it  is  regulated. 
Because  of  concerns  over  difficulties  in  ensuring  that  inappropriate  niu-atc 
levels  arc  not  present  in  the  bioreactor  effluents,  nitrate  was  eliminated  from 
further  consideration  for  potential  inclusion  into  the  study  as  a  candidate  elec¬ 
tron  acceptor.  Sulfate  and  carbon  dioxide  were  not  considered  practical 
sources  of  electron  acceptors  because  of  the  low  REDOX  conditions  that  must 
be  effectively  maintained  within  a  well-mixed  bioreactor.  As  such,  focusing 
on  the  exclusive  development  of  an  aerobic  biorcactor  system  was  decided. 
Also,  aerobic  biorcactor  systems  usually  have  much  more  rapid  biokinctics 
than  do  anaerobic  systems. 

Oxygen  is  typically  supplied  to  activated  systems  using  gas  sparging  sys¬ 
tems  for  injection  of  air  (aeration),  and  in  some  cases,  oxygen.  Design  calcu¬ 
lations  for  most  AS  systems  result  in  the  sizing  of  aeration  systems  tliat 
incorporate  m.osi  of  their  energy  toward  cell  su.spcnsion  and  not  cell  respiration 
(i.c.,  bacterial  oxygen  demand).  In  otlicr  words,  most  of  the  air  sparged  into 
an  AS  biorcactor  is  used  for  keeping  the  aeration  chamber  contents  well  mixed 
and  not  for  oxygen  consumption  by  the  bacterial  consoitia  in  Lhu  ML. 

Flux  requirements  of  molecular  oxygen  required  for  maintenance  of  the 
bacterial  consonia  in  the  ML  may  be  determined  through  a  simple  rcspiromci- 
ric  teclmique  referred  to  as  oxygen  uptake  rate  (OUR).  OUR  is  a  simple  test 
that  involves  determination  of  tlie  oxygen  utilization  rate  exerted  by  a  small 
microco.sm  over  a  given  time  increment  (Note:  these  autliors  use  1  hr),  'llie 
units  ol  OUR  c;m  be  pre.scnted  as  mg  Oj/ft/fiour.  When  OUR  is  preserned 
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using  these  units,  it  represents  a  term  that  is  bioreacior  specific.  OUR  can  al.so 
be  presented  based  on  MUSS  or  MLVSS  using  the  units  of  mg  02/C/(MLSS  x 
hour],  thereby,  making  OUR  a  bacterial  population  dependent  term  that  gives 
the  term  some  degree  of  freedom  from  reactor  specificity.  Design  engineers 
must  ensure  that  the  bioreactor  does  not  become  oxygen  limited.  An  approxi- 
mati-m  for  aerobic  biotreatment  processes  is  that  bioreactor  dissolved  oxygen 
(DO)  levels  in  excess  of  2.0  mg/i  .should  be  maintained  at  all  times.  To 
accomplish  thir  ‘he  oxygen  delivery  system,  usually  an  aeration  system,  is 
designed  to  meet  the  expected  maximum  OUR  required  by  the  AS  system.  As 
discussed  earlier,  in  the  case  of  AS,  the  design  of  an  aeration  system  is  usually 
governed  by  mixing  energy  requirements  and  not  OUR.  If  a  mechanical  mixer 
is  employed  to  keep  the  ML  mixed,  tlicn  an  oxygen  delivery  system  can  be 
sized  based  solely  on  the  expected  maximum  bioreactor  OUR. 

A  variety  of  sources  of  molecular  oxygen  are  available  to  the  design  engi¬ 
neer,  Popular  sources  that  have  been  u.sed  in  AS  are  diffused  air  (by  far,  the 
most  popular)  or  oxygen  (Metcalf  and  Eddy  1991).  Sohd  and  liquid  forms  of 
hydrogen  peroxide  have  been  used  as  oxygen  sources  during  biotreatment; 
however,  these  applications  have  basically  been  limited  to  in  situ  bioireatment 
systems  for  remediation  of  contaminated  aquifers  (Bajpai  and  Zappi  1994). 


Hydrogen  Peroxide  -  Bacteria  Interactions 

Hydrogen  peroxide  (HjOj),  discovered  in  1818  by  Louis-Jacques  Tlicnard, 
is  a  clear,  colorless,  slighUy  viscous  liquid  that  is  completely  miscible  with 
water  at  any  proportion.  It  can  be  produced  using  a  variety  of  manufacturing 
processes  including  ihcnnal,  electrolytic,  sonic,  or  irradiation-based  pn)cesscs 
(Schumb,  Satterfield,  and  Wentworth  1955).  The  densities  of  30- ,  50-,  and 
l(X)-perccnt  (pure)  hydrogen  peroxide  solutions  are  1.1081,  1.1914,  and 
1.4425  g/ml,  respectively,  at  25  °C. 

Hydrogen  peroxide  is  often  used  in  the  chemical  maniifncturing  industry  as 
an  oxidizer  and  reducer  depending  on  process  requirements.  It  has  been  used 
commercially  for  bleaching,  chemical  synthesis,  weapons  propulsion,  and  dis¬ 
infection.  1:  can  be  easily  transported  to  rtcctor  siting  locations  becau.se  of  its 
high  degree  of  stability.  Hydrogen  peroxide  has  recently  received  much  atten¬ 
tion  as  a  hydroxyl  radical  production  .source  during  ultraviolet  radiation  for 
groundwater  treatment  (Sundstrom  et  al.  1986;  Zappi,  Teeter,  and  Francingucs 
1990;  Zappi  et  al.  1990)  and  has  also  been  used  as  a  disinfection  agent  (Block 
1991).  It  provides  a  molecular  oxygen  source  lliat  stoichiomctrically  contains 
approximately  94-pcrcont  oxygen  by  weight.  However,  since  the  most  com¬ 
mon  commercial  forms  of  hydrogen  peroxide  arc  3U  and  50  percent  (wt/wt), 
then  tlicse  formulations  essentially  represent  approximately  28-  and  47-pcrceni 
available  oxygen,  rcsf'icctivcly,  if  Lhese  formulations  arc  supplied  without  fur- 
tlier  dilution. 

dicrobial  cruymes  are  tlic  biochemical  catalysis  diat  initiate  all  key  bio¬ 
chemical  reactions  within  the  cell.  The  oxidation  of  a  substrate  {irescntcd 
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earlier  is  catalyzed  by  a  group  of  enzymes  referred  to  as  oxidases.  Biological 
enzymes  that  catalytically  decompose  hydrogen  peroxide  and  thereby  eliminate 
it  from  the  biochemical  system  are  called  catalases  (Schumb,  Satterfield,  and 
Wentworth  1955).  lliis  enzyme  is  found  in  all  plants  and  animals.  Of  all 
living  organisms,  only  a  few  microorganisms  do  not  contain  catalase- 
production  capability.  Catalases  are  used  by  organisms  to  prevent  toxic  levels 
of  hydrogen  peroxide  from  accumulating  within  cells.  Hydrogen  pcrexidc  is 
fomied  in  living  sy. stems  dirotgh  reduction  of  oxygen  to  hydrogen  peroxide 
via  aerobic  dph^drogenases  (Schumb,  Satte.iield,  and  Wentworth  1955).  I’lie 
decompositional  capability  of  catalase  is  groat  fmm  a  hydrogen  peroxide-to- 
catalase  stoichiometric  ratio  prospective.  Catalase  is  considered  by  far  the 
most  effective  at  hydrogen  peroxide  destruction  of  all  chemical  processes 
known.  Tire  mechanism  of  hydrogen  peroxide  decomposition  by  catalase  is 
termed  “catalatic"  to  distinguish  it  f-om  peroxidaiic  activity  (Schumb, 
Satterfield,  and  Wentworth  1955).  Peroxidase  is  another  enzyme  with  hydro¬ 
gen  peroxide  dcgradational  capability,  however,  at  a  much  lower  extent  and 
occurrence. 

Both  catalase  and  peroxidase  are  considered  hemoproteins.  These  enzymes 
are  likely  to  be  the  predominant  hydrogen  peroxide  destruction  mechanisms 
within  bioreactor  systems.  They  are  made  up  of  a  protein  bearing  an  active  or 
prosthetic  group  typified  as  an  iron  protoporphyrin  (Schumb,  Satterfield,  and 
Wentworth  1955).  Catalase  and  peroxidase  are  structurally  similar  to  other 
uiologicai  enzymes  such  as  hemoglobin,  which  is  a  component  ol  red  blood 
cells  that  carries  oxygen,  and  myoglobin,  a  component  of  muscles  that  stores 
oxygen.  Although  these  enz>'mes  arc  similar,  they  are  significantly  different  in 
carrying  out  different  biochemical  functions. 

Hydrogen  peroxide  is  not  found  within  the  cell  walls  of  aerobic  organisms 
because  of  the  presence  of  catalase  within  these  cells  (Schumb,  Satterfield,  and 
Wentworth  1955).  Hydrogen  peroxide  has  been  detected  on  the  walls  of  inac¬ 
tivated  obligate  anaerobes  that  were  exposed  to  oxygen,  indicating  iho  fonna- 
tior'  of  hydrogen  peroxide  after  exposure,  .\naerobes  arc  usually  devoid  of 
cat;Jase-production  capability  and  arc  especially  susceptible  to  the  toxic  effects 
of  hydrogen  peroxide  at  very  low  conccniralions.  Since  anacrolies  tend  to 
produce  highly  odorous  by-products  during  metabolism,  this  low  tolerance  is 
one  of  the  reasons  why  hydrogen  peroxide  is  added  to  sewerage  plants  that  arc 
emitting  excessively  high  amounts  of  odor  compounds.  Hydrogen  peroxide  is 
also  added  to  sewage  plants  to  quickly  increase  residual  oxygen  levels. 

Hydrogen  peroxide  has  been  used  in  numerous  cases  as  an  oxygen  source 
during  in  situ  biotrcatment  of  contaminated  soils  (Zappi  el  al.  1993).  DO  is 
released  from  hydrogen  peroxide  because  of  its  hydrolysis,  which  is  mediated 
by  metals  found  in  the  soil  matrix  or  through  enzymatic-based  degradation  via 
catalases  and  peroxidases  produced  by  microorganisms  (Bajpai  and  Zappi 
1994).  These  enzymes  arc  expected  to  be  abiuidantly  present  in  all  systems 
containing  aerobic  microbial  activity.  As  a  result,  hydrogen  peroxide  iniro- 
ducx;d  into  aqueous  biorcactor  systems  will  probably  degrade  rapidly  into  water 
and  oxygen.  Once  oxygen  is  produced,  the  oxygen  is  tlicn  utilized  by  aerobic 
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microorganisms  for  respiration.  Spain  ei  al.  (1989)  evaluated  hydrogen 
peroxide  as  an  oxygen  source  for  an  in  situ  biotrcatmcni  project  in  northern 
Florida.  They  concluded  that  enzymatic  degradation  via  catal?.se  activity  was 
tuo  significant  to  maintain  appropriate  oxygen  levels.  They  determined  that 
the  rate  of  hydrogen  peroxide  was  first  order  with  a  half-life  of  4  hr  when 
using  a  500-mg/f  hydrogen  peroxide  dose  added  to  a  3:1  water:soil  (wt/wt) 
slurry  under  agitation.  Tliey  susjsected  that  iron-catalyzed  degradation  of 
hydrogen  peroxide  was  occuning  (commonly  referred  to  as  Fenton’s  Reaction). 
After  adding  a  commercial  phosphate-based  hydrogen  peroxide  stabilizer,  they 
observed  a  three-fold  increase  in  hydrogen  peroxide  half-life.  However,  when 
hydrogen  peroxide  was  injected  into  an  infiltration  gallery  that  was  pretreated 
to  prevent  iron-based  reactions,  poor  hydrogen  peroxide  transport  was 
observed,  indicating  a  biologically  based  decomposition.  Subsequent  studies 
were  performed  comparing  the  fate  of  hydrogen  peroxide  in  autoclaved,  mer¬ 
curic  chloride,  and  untreated  soil  slurries.  Their  results  clearly  indicated  that 
the  primary  degradational  hydrogen  peroxide  mechanism  was  biologically 
based  and  was  presumed  to  be  catalase  based. 

Microbial-mediated  degradation  of  hydrogen  peroxide  is  considered  a  major 
concern  for  this  sti.dy  because  if  the  rate  of  microbial  degradation  of  hydrogen 
peroxide  is  too  rapid,  then  a  consistently  sufficient  residual  oxygen  concentra¬ 
tion  within  the  bioreactor  may  not  be  maintained.  If  excessively  high  amounts 
of  hydrogen  pieroxide  must  be  added  to  achieve  acceptable  oxygen  levels  tfien 
It  may  be  cost  prohibitive  toward  application  as  an  alternative  to  gas  sparging. 

Another  aspect  of  delivery  of  oxygen  in  the  form  of  hydrogen  peroxide  into 
a  bioreactor  that  needs  to  be  considered  is  that  hydrogen  peroxide  at  increased 
levels  is  toxic  to  maity  microorganisms.  Hydrogen  peroxide  has  found  signifi¬ 
cant  usage  as  a  disinfection  agent  primarily  because  it  degrades  to  water  and 
oxygen  after  exerting  its  toxic  effect  on  microorganisms  (Block  1991).  Hydro¬ 
gen  peroxide  is  also  found  in  human  saliva  as  a  natural  disinfecting  agent.  It 
appears  to  have  more  disinfecting  activi,y  against  bacteria  and  viruses  than 
fungi  and  appears  to  have  greater  activity  against  gram-negative  organisms 
than  gram-positive  (Block  1991).  Its  disinfecting  activity  is  pH  dependent 
with  increased  activity  occurring  at  acidic  conditions.  Curran,  Evans,  and 
Levilon  (1940)  found  the  greatest  disinfecting  potential  at  a  pH  ol  3  and  the 
lowest  at  a  pH  of  9  for  bacillus  spores  at  a  dosage  of  1  percent  and  50  °C. 
Toxic  concentrations  of  hydrogen  peroxide  reported  in  published  literature 
range  from  100  to  >1,200  ppm  (Schumb,  Satterfield,  and  Wentworth  1955; 
Block  1991).  Schumb,  Satterfield,  and  Wentworth  (1955)  present  evidence 
that  levels  on  the  order  of  0.0003  and  0.0027  percent  (wi/wt)  were  inhibitory 
to  growth  and  toxic,  respectively,  toward  staphylococcus  aureus.  Although 
there  is  no  direct  evidence,  this  large  diversity  may  be  a  rellcction  of  catalytic 
activity  of  the  various  bacterial  consortia  in  the  different  experiments.  How¬ 
ever,  it  is  apparent  that  aerobic  consortia  do  contain  aniihydrogen  peroxide 
activity  that  can  be  overcome  tlirough  overdosing  the  biological  system  with 
excessive  amounts  of  hydrogen  peroxide. 
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Study  Objectives 


Tlic  primary  objective  of  this  study  was  to  evaluate  the  feasibility  of  using 
a  nongaseous  oxygen  source  as  an  alternative  to  air  or  pure  oxygen  for  main¬ 
tenance  of  biological  systems;  AS  was  used  for  this  study,  treating  an  influent 
containing  high  lev.  s  of  VOCs.  Feasibility  was  gaged  by  the  following 
requirements: 

a.  Minimum  or  no  reduction  of  bioreactor  effectiveness  in  terms  of  treat¬ 
ment  efficiency. 

b.  Appreciable  reductions  in  VOC  off-gassing  from  the  AS  reactor. 

c.  Minimal  increase  in  bioreactor  operational  and  maintenance  costs. 
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2  Experimental  Methods 


Summary  of  Experimental  Approach 

The  objectives  of  this  study  were  met  by  performance  of  tlie  following 
major  study  phases: 

a.  Acclimation  Phase  -  This  phase  involved  acciimation  of  a  consortium 
of  bacteria  to  the  contaminants  (benzene)  in  the  groundwater  using  ML 
from  an  AS  system  as  the  initial  bacterial  seed  source.  This  phase 
lasted  from  Test  Day  1  through  Day  181  (i.e.,  6  months). 

b.  Hydrogen  Peroxide  Introduction  Phase  -  This  phase  focused  on  conven¬ 
ing  one  of  the  three  bioreactors  to  using  hydrogen  peroxide  as  an  alter¬ 
native  oxygen  source  as  opposed  to  sparged  aeration.  This  phase  was 
considered  the  most  crucial  phase  of  study  because  if  conversion  to 
hydrogen  peroxide  was  not  possible,  then  tlic  overall  hypothesis  of  this 
study  was  not  coirect  (i.e.,  using  a  liquid  oxygen  source  to  reduce  or 
eliminate  VOC  off-gassing  during  aerobic  biotreaimeni).  This  phase 
lasted  from  Test  Day  182  through  Day  329  (i.e.,  5  months). 

c.  Comparison  Phase  -  This  phase  involved  using  three  replicate  3-C  AS 
bioreactors  with  equal  organic  loadings  to  compare  three  candidate 
sources  of  oxygen;  sparged  air,  sparged  pure  oxygen,  and  injected 
liquid  hydrogen  peroxide.  Bioreactor  performance  was  compared  based 
on  contaminant  removal,  biomass  stability,  reduced  VOC  cfLgassing, 
and  cost  analysis.  This  pliasc  lasted  from  Test  Day  329  through  Day 
523  (i.e.,  6.5  months). 

d.  Hydrogen  Peroxide  Feed  Optimization  -  This  phase  focused  on  deter¬ 
mining  an  optimal  hydrogen  peroxide  dose  for  reducing  reactor  off-gas 
VOC  concentrations.  'Phis  phase  lasted  from  Test  Day  524  through 
Day  546  (i.e.,  0.75  months). 
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Study  Influents 


Test  influents  used  in  this  study  were  groundwater  samples  collected  from 
Observation  Well  01014  located  at  Rocky  Mountain  Arsenal  (RMA),  Com¬ 
merce  City,  Colorado,  and  wastewater  influent  from  the  City  of  Vicksburg, 
Mississippi,  F*ublic  Owned  Treatment  Worics  (VPOTW).  The  Acclimation 
Phase  of  study  was  the  only  period  in  this  study  that  utilized  the  VPOTW 
influent.  The  other  ludy  phases  utilized  amended  RMA  groundwater  as  the 
sole  influent  source.  The  VPOTW  wastewater  was  used  to  initiate  bioreactoi 
operations  and  maintain  bioreactor  activity  during  acclimation  of  microbial 
corisortia  within  the  ML  with  the  contaminants  in  the  groundwater. 

The  vpoTW  influent  was  collected  after  primary  treatment  (treated  using 
primary  sedimentation)  and  before  introduction  into  two  trickling  filters.  Since 
primary  treatment  tends  to  remove  approximately  50  percent  of  the  BOD  and 
reduces  nutrient  levels,  the  wastewater  was  amended  witii  nutrients  to  fermu- 
late  a  system  influent  that  contained  appropriate  levels  of  carbon  substrate  and 
nutrients  (discussed  later). 

The  major  contaminant  present  in  the  groundwater  sample  was  benzene 
(C4H5),  which  over  the  course  of  this  study  had  an  average  concentration  of 
200  mg/^  Figure  2  presents  the  influent  BOD,  COD,  and  benzene  levels 
measured  wiihin  s^udy  influents  throughout  Lhc  couise  of  this  study.  This 
figure  presents  analytical  data  from  all  of  the  study  phases.  The  groundwater 
samples  were  collected  at  RMA  on  several  occasions  throughout  the  study  in 
55-gal'  drums  and  returned  to  the  U.S.  Army  Engineer  Waterways  Experiment 
Station  (WES)  for  storage  in  a  walk-in  cooler  maintained  at  4  °C  until  needed. 
Changes  in  influent  strength  were  observed  over  time  as  the  samples  aged  and 
volatile  contaminant  losses  occurred  in  the  drum  headspace  (which  increased 
as  sample  was  removed).  Other  contaminants  were  present  at  much  lower 
levels  than  the  benzene.  Tlie  only  other  major  contaminant  present  in  the 
groundwater  was  dichloropentadiene  (DCPD),  which  was  detected  at  levels 
<10  mg/fi.  DCPD  is  not  volatile  and  should  not  have  contributed  to  bioreactoi 
contaminant  off-gassing. 

Table  1  lists  the  feed  proportions  of  the  VPOTW  influent  to  groundwater 
composite  over  the  acclimation  period  to  shift  the  influent  composition  from 
VPOTW  influent  to  groundwater.  The  tabic  also  lists  a  variety  of  influent- 
related  infomiation  on  chemical  composition  and  flow  rate  tltat  will  be  dis¬ 
cussed  later.  Over  an  approximate  4-month  period,  the  influent  to  the 
acclimation  biorcacior  was  proportionally  switched  from  VPOTW  influent  to 
the  RMA  groundwater.  Within  a  16-week  period,  the  influent  was  switched 
from  100-perccnt  VPOTW  influent  to  100-perccnt  amended  RMA  ground- 
water.  The  rate  at  which  the  proportion  of  groundwater  to  VPOTW  influent 


'  A  table  of  factor.';  for  convening  noii-SI  uniii  of  rncasuremen:  to  SI  uniii  is  fncscnied  on 
page  vii. 
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Figure  2.  Influent  chemical  quality  over  the  course  of  the  study 

was  increased  was  determined  before  testing  began  under  the  assumption  that 
the  bacterial  consortium  would  easily  acclimate  to  the  groundwater,  with  little 
or  no  lag  phase,  when  maintained  under  a  relatively  constant  system  organic 
carbon  loading  through  adjustments  in  amendment  dosing  amounts  (Table  1). 
During  the  transitional  period  when  groundwater  was  replacing  the  VPOTW 
influent,  changes  in  gross  contaminant  concentrations  (COD  and  BOD)  were 
monitored  at  least  weekly;  MLVSS  and  ivlLSS  levels  were  monitored  at  least 
three  times  a  week.  This  was  done  to  ensure  tliat  the  contaminants  in  the 
groundwater  were  not  adversely  affecting  biological  activity.  If  adverse  effects 
are  observed,  for  example,  significant  changes  in  gross  pollutant  removal  or 
dramatic  decreases  in  tlie  solids  concentration,  these  effects  could  be  reversed 
■Oi  minimized  by  decreasing  the  rate  of  groundwater  addition. 


Sench-Scale  Bioreactors 

The  bioreactors  used  in  this  study  were  the  chemostat-type  units  illustrated 
in  Figure  3.  This  biorcactor  design  is  representative  of  AS  systems  and  is 
commonly  used  for  performing  Ixmch  studies  of  this  type  (Zappi  and  Morgan 
1993). 
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Table  1 

Influent  Chemical  Ccmposition  and  Feed  Rates  Throughout  Study  (all  study 
phases) 


Test 

Day 

GW 

% 

Q 

mpm 

HRT 

hr 

[NaAC] 

g/l 

[AmSuQ 

g/i 

[AmPh] 

[Dex] 

git 

[Glu] 

git 

Comment 
on  Action 

0 

0 

6 

5.6 

mm 

0.24 

002 

0  03 

0  04 

- 

26 

7 

6 

5.6 

0.3 

0  24 

0.02 

0.03 

0.04 

1 

42 

2/ 

6 

5.6 

0.3 

024 

002 

0.03 

0  04 

1 

47 

27 

— 

e 

5.6 

0  4 

0  24 

— 

0.02 

0.07 

0.07 

2 

59 

40 

6 

5.6 

0.67 

0.2 

02 

1,2 

62 

53 

6 

5.6 

0.67 

0.24 

0  2 

0  2 

1 

87 

67 

6 

5.6 

0.67 

0.24 

0  02 

0.2 

am 

1 

61 

67 

3 

11.0 

0.67 

0  24 

0.02 

0.2 

■ 

3 

96 

67 

2 

17.0 

0.67 

0.08 

0.02 

0  2 

0  2 

4 

108 

87 

2 

17  0 

0.67 

0.08 

0.02 

0.2 

0  2 

1 

110 

87 

2 

17.0 

0.67 

0  48 

0.04 

02 

0.2 

5 

122 

100 

2 

17.0 

0.67 

0.08 

0.02 

0.2 

02 

4 

136 

lOO* 

2 

0.27 

0.012 

0.03 

n  AO 

V-vi.; 

c 

V 

229 

100 

2 

17.0 

0.185 

0.27 

006 

2 

Notes: 

GW  =  groundwater. 

Q  r  flow  rate  of  influent  into  the  bioreactors. 

HRT  =  hydraulic  retention  time. 

NaAC  =  sodium  acetate 
AmSul  =  ammonium  phosphate 
AmPh  =  ammonium  phosphate 
Dex  =  dextrose. 

Glu  =  glutamic  acid. 

Comments  on  Actions  -  The  following  numbers  correlate  to  an  explanation  of  why  a  particular  system  influent  com¬ 
position  or  dosing  change  oocumed 

1  =  increasing  the  percentage  of  GW  in  the  influent  as  psul  of  the  acclimabon  process 

2  =  Iricreased  the  organic  loading  on  bioreactors  to  stabilize  MLSS  and  MLVSS 

3  =  Decreased  influent  flow  rate  because  of  poor  sludge  settling  Lowehng  flow  rate  reduces  the  surface  overflow 
j  rate  of  the  in-line  clarifler,  which  in  turn  reduces  the  potential  for  sludge  washout 

4  =  Higher  levels  of  ammonia  wore  found  in  effluents,  therefore,  input  ammonia  loading  was  reduced 

5  =  ^oor  sludge  settling  and  slightly  decreasing  MLSS  and  MLVSS  prompted  an  increase  in  nutrient  loading  into 

the  bioreactor  to  evaluate  if  the  bioreactors  may  be  slightly  nutrient  limited. 

6  =  Reduced  organic  loading  from  sources  not  found  in  the  GW  to  evaluate  the  ability  of  bioreactor  consortia  to 

utilize  the  GW  contaminants  as  carbon  sources 

■  At  this  point,  the  bioreactors  were  considered  acdimated 
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Influent 


Front  Vl«w 


End  Vlw 


Figure  3.  Bench-scale  chemostat 

Appendix  A  presents  a  chn)nological  order  of  system  operational  changes 
and  observations  made  throughout  the  course  of  this  study.  This  information 
details  some  of  the  rationale  of  why  various  system  operational  changes  were 
made. 

The  bioreactors  have  2.0-t  aeration  chambers  and  1.0-f  in-ves.sel  clarifiers. 
Influent  was  fed  into  the  bioreactors  using  a  Masterflex  brand  multiple  stage 
peristaltic  pump  (Cole  Palmer  Inc.,  Chicago,  IL).  Sludge  wasting  for  these 
reactois  is  accomplished  through  the  sludge  wasting  port  located  on  the  side  of 
the  bioreactor  (Figure  3).  However,  for  this  study,  wasting  of  the  sludge  was 
not  required  since  the  rate  of  biomass  growth  roughly  approximated  the 
endogenous  decay  rate  and  systems  solids  loss  rate  over  the  weir,  thereby 
maintaining  a  relatively  constant  biomass  concentration. 

Air  and/or  pure  oxygen,  when  added,  were  sparged  into  the  reactor  using 
Fisher  brand  ceramic  stones  placed  on  the  aeration  chamber  bonom.  Sparging 
of  air  not  only  supplies  oxygen,  but  also  provides  a  means  of  mixing  the  ML. 
An  in-line  regulatory  rotameter  (Cole-r*almer  Inc.)  was  used  to  control  and 
measure  flow  rate.  Bioreactor  temperatures  were  maintained  between  1 8  and 
27  °C  by  controlling  the  laboratory  temperature  via  the  room  air  conditioning. 
Biorcactor  influent  and  biorcactor  ML  did  not  require  pH  adjustments  because 
the  pll  never  was  less  than  6.5  or  higher  than  8.5. 


MicrobiaE  Seed  Source 

Bacterial  inoculum  was  obtained  from  the  City  of  Jackson,  Mississippi, 
Sewage  Treatment  System  (POTW),  wliich  is  a  3U-Mgd  contact  stabilization 
system.  'Fhe  City  of  Vicksburg  uses  an  attached  grow'th  unit  (trickling  filter) 
for  sewerage  treatment  and,  therefore,  was  not  considered  a  good  microbial 
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seed  source  for  suspended  growth  bioreaciors.  In(x:uluni  samples  were  co’- 
lected  from  the  aeration  tanks  of  die  Jackson  ‘-ystem  after  contact  staging. 


AccUmation  of  Bactorial  Consortia 


Acclimation  of  microorganisms  was  accomplished  by  slowly  introducing 
the  n?icroorganisms  in  tlie  ML  to  tlie  groundwater  contaminants.  Acclimation 
involves  conversion  of  the  microbial  carbon  food  source  (substrate)  from  the 
previous  carton  source,  the  orgartics  in  municipal  sewerage,  to  Uic  ground- 
w'ater  contaminants,  primarily  benzene  and  added  amendments. 

The  approach  used  in  this  study  to  acclimate  the  seed  from  the  Jackson 
v.’asiewater  plant  w'as  to  slowly  convert  composition  of  the  system  influent 
from  100-percent  VTOTW  wastev/ater  to  100-percent  RMA  groundwater  over 
a  2-  to  3-month  period  (Tiible  1).  The  rate  of  influent  composition  conversion 
was  based  on  close  observation  of  any  change  in  MLSS  and  MLVSS,  BOD 
and  COD  renioval,  and  SVI.  Acclimation  was  considered  complete  when 
MLSS,  MLVSS,  gross  pollutant  removals  (COD  and  BOD),  benzene  rcinoval, 
and  SVI  had  stabilized  for  greater  titan  two  SRTs. 

Once  the  system  influent  consisted  of  only  groundwater  and  the  percent 
removal  of  gross  pollutants  and  solid  concentrations  was  stable,  the  consonium 
was  considered  acclimated.  Acclimation  of  the  bacterial  consortium  was  con¬ 
sidered  complete  after  4  months  of  operation.  Sodium  acetate  and  the  sugars 
were  added  to  increase  the  organic  loading  on  the  biorcactors,  thereby  main¬ 
taining  a  higher  MLSS  and  MLVSS. 

This  approach  is  typical  of  most  AS  studies  (Zappi  and  Morgan  199? 

Zappi  et  (1990)  and  Zappi,  Teeter,  and  Francingucs  (1990)  successfully 
acclimated  an  AS  consortia  to  a  highly  contaminated  groundwater  sample 
within  a  period  of  10  weeks.  Kim  and  Maicr  (1986)  evaluated  flic  acclima¬ 
tion  and  biodegradation  potential  of  chlorinated  organic  compounds  in  the 
presence  of  cometabolites.  They  were  able  to  acclimate  a  consortium  of  bac¬ 
teria  from  a  municipal  AS  plant  capable  of  degrading  2,4-D  (2,4  dichlorophcn- 
oxyacetic  acid)  and  3,5-DCB  (3,5  dichlorobenzoate)  under  aerobic  conditions. 
Combined  contaminant  concentrations  as  high  as  100  mg/C  were  succcs-ifully 
degraded.  ITicy  concluded  that  seed  bacterial  consortia  should  contain  as 
diverse  a  population  of  microorganisms  as  possible  to  increase  the  probability 
of  plasmid  exchange  and  that  the  acclimation  phase  should  began  wifli  an 
influent  containing  very  low  concentrations  ol  the  target  compounds  to  avoid 
inhibitory  effects. 
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Bioreactor  Hydraulic  Residence  Times  (HRTs) 


During  acclimation,  the  bioreactors  were  initially  operated  at  an  HRT  of 
5.6  hr  (Table  1).  As  stated  in  Table  1,  as  the  percentage  of  groundwater  com¬ 
posing  the  influent  increased,  problems  witii  poor  sludge  settling  occurred.  A 
clarifier  is  a  phase  separation  process  unit.  The  controlling  factor  to  the  over¬ 
all  performance  of  this  process  is  the  ability  of  the  sludge  to  settle  under 
reasonably  quiescent  conditions.  Sludge  with  poor  setUing  characteristics 
(measured  as  SVI)  will  not  settle  in  clarifiers  bccau.se  of  the  lifting  current 
associated  with  the  hydraulic  flux  of  effluent  exiting  the  clarifier.  Significant 
loss  of  solids  from  the  clarifier  is  known  as  system  washout.  Washout  can  be 
associated  with  solids  loss  from  the  aeration  chamber  to  the  clarifier  or,  as  is 
the  case  with  this  study,  loss  of  solids  from  the  complete  biological  system. 
Hydraulic  flux  in  a  clarifier  is  commonly  referred  to  as  surface  overflow  rate 
(SOR)  and  typically  has  the  units  of  gpm/clarifier  horizontal  cross-sectional 
area.  The  HRT  was  reduced  to  minimize  the  potential  for  significant  system 
washout  by  reducing  SOR.  As  HRT  increased,  the  dosing  amount  of 
cometabolites  and  nutrients  was  increased  (Table  1)  to  maintain  sufficient 
biomass  activity. 

From  Table  1,  when  the  system  influent  was  composed  coi  .pleteiy  of 
groundwater  composite,  the  bioreactors  were  operated  at  an  HRT  of  17  hr. 

This  value  is  consistent  with  the  HRTs  of  other  bioreactor  systems  treating 
coiuaiiiiiiaitMi  gioL.nuwaicrs  (Zappi  and  Morgan  1993). 

Sludge  Retention  Time  (SRT) 

Since  sludge  wastmg  v/as  not  performed,  the  SRT  of  the  sy.stem  is  essen¬ 
tially  indefinite.  However,  periodic  loss  of  solids  from  the  in-line  clarifiers 
were  observed  indicating  that  there  was  a  variable  SRT  associated  with  the 
bioreactors.  VariabiliLy  of  SRT  was  based  on  the  occasional  solids  losses  via 
the  exiting  effluent  because  of  periodic  partial  system  washouts  and  endoge¬ 
nous  decay.  Since  the  solids  loss  over  the  bioreactor  weirs  were  not  quantified 
on  a  daily  basis,  then  the  actual  bioreactor  SRTs  were  not  calculated. 


influent  Substrate  and  Nutrient  Levels 

Nutrients  are  required  by  all  living  organisms  for  synthesis  of  new  cells, 
with  nitrogen  and  phosphorus  being  the  two  major  nutrients  most  often  limit¬ 
ing  to  microbial  activity.  These  nutiients  arc  commonly  referred  to  :*s  macro 
nutrients.  Other  inorganic  compounds,  relerred  to  as  micronutrienis,  arc  also 
required  by  microbes;  however,  the  demand  for  these  arc  low  compared  witli 
that  of  the  macronutrients.  Most  groundwaters  undergoing  bioircatmcnt  only 
require  flic  addition  of  the  macronutrients  because  sufficient  amounts  ol  micro 
nutrients  are  usuaUy  naturally  pre.scni.  A  widely  recognized  and  accepted 
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approximation  for  appropriate  nutrient  levels  is  a  carbon.:nitrogcn:phosphatc 
(C;N:P)  ratio  of  100:10:1.  During  biotreatrneni  of  any  wa.stcwater  or  ground- 
water,  ecological  conditions  cstabl'shcd  within  the  biorcactor  should  be  main¬ 
tained  so  that  the  only  chemical  limning  to  further  biological  activity  is 
organic  carbon.  To  ensure  this  condition  exists,  dosing  of  nutrients  into  llic 
influent  at  a  C:N:P  ratio  of  100:10:1  is  a  good  staning  point;  however,  chemi¬ 
cal  analysis  of  the  biorcactor  effluent  for  nutrient  levels  should  verify  that 
residual  nutrient  levels  arc  present.  N  and  P  were  dosed  into  the  influent  to 
maintain  effluent  concentrations  of  at  least  1  mg/C  of  ortho-phosphate  and 
iO  mg/C  of  ammonia-nitrogen  (however,  on  some  days  lower  concentrations  of 
N  and  P  were  observed  and  the  influent  adjusted  accordingly).  Table  1  lists 
the  amendments  added  to  influent  thrcughout  this  study. 

The  influent  from  the  VPOTW  had  an  approximate  BOD  of  70  rng/C;  there¬ 
fore,  glucose  and  sodium  acetate  were  added  to  the  influent  to  increase  the 
influent  BOD  to  approximately  200  mg/C  during  the  early  stages  of  acclimation 
when  the  influent  was  primarily  composed  of  VPOTW  influent.  The  amend¬ 
ing  of  the  influent  continued  as  the  influent  became  composed  of  primarily 
groundwater.  From  Table  1,  the  extent  of  cor.etabolite  amending  was 
increased  when  tlie  influent  was  100-pcrccnt  groundwater  because  of  the  high 
HRT  required  to  prevent  solids  washout.  Amending  with  higher  levels  of 
cometabolites  also  ensured  that  the  influent  was  able  to  support  appropriate 
microbial  activity  v/iihin  the  three  biorcactovs.  An  MLSS  of  at  least 
1,000  mg/C  was  targeted  as  a  solids  concentration  ihai  was  considered  indica¬ 
tive  of  sufficient  microbial  aedvity. 

Admittedly,  more  optimization  of  biorcactor  pcrfoimancc  in  terms  of 
reduced  comctafKtliie  dose  and  groundwater  HRT  could  liave  been  made. 
However,  the  objective  of  this  study  was  to  evaluate  if  hydrogen  pcro:tidc 
could  be  used  as  an  alternative  oxygen  source,  not  to  evaluate  the  extent  of 
biorcactor  amendment  optimization  obiainable.  The  influent  composibon  or 
biorcactor  efficiency  was  not  of  priruf.  concern.  All  that  was  required  from  the 
biortactors  for  tliis  study  were  biological  systems  treating  an  influent  contain¬ 
ing  high  levels  of  a  regulaicd  VOC  liiai  was  being  stripped  from  the  biorcactor 
during  aeration. 


Comparison  of  Alternate  Oxygen  Sources 

Tlic  primary  focus  of  this  .study  was  to  evaluate  llic  feasibility  ol  using 
hydrogen  peroxide  as  an  alicmaiivc  source  of  oxygen  lor  aerobic,  suspnidcd 
growth  biorcactors.  As  slated  earlier,  AS  sy.-ilcms  have  traditionally  used  two 
sources  of  oxygen:  air  and  pure  oxygen.  Alter  acclimation  ol  the  microbial 
consortia  to  Uic  benzene  in  Uie  groundwater  was  compicie,  two  ol  tlic  three 
biorcactors,  Nos.  1  and  2,  v/erc  supplied  air  and  pure  oxygen  as  oxygen 
sources,  rcs}x:ctivcly.  Ihcse  two  biorcacioi'S  served  as  cxpcnmcntal  controls 
represemative  of  current  icclinology.  The  pcrlomiance  ol  the  hydrogen 
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peroxide  fed.  Bioreactor  3,  was  compared  with  Bioreactors  1  and  2.  The  com¬ 
parison  was  based  on  the  following  criteria; 

a.  Contaminant  lemoval. 

b.  VOC  off-gassing. 

c.  Biomass  stability. 

d.  Economics. 

This  cximparison  was  performed  once  all  three  bioreactors  had  stabilized  for 
1  month.  The  air-  and  pure  oxygen-sparged  rates  into  the  bioreactors  were 
1,145  and  73  mlAnin,  respectively.  The  source  of  the  pure  oxygen  was  bot¬ 
tled,  reagent-grade  oxygen  purchased  from  Air  Products  Inc.,  Vicksburg,  Mis¬ 
sissippi.  The  flow  rate  of  air  or  oxygen  into  the  biorcactors  was  metered  and 
measured  using  the  in-line,  regulatory  rotameters. 


Hydrogen  Peroxide  introduction 

Bioreactor  3  was  introduced  to  hydrogen  peroxide  beginning  on  Day  181. 
Introduction  of  the  hydrogen  peroxide  into  Biorcactor  3  was  performed  by 
slowly  introducing  small  quaniiiics  of  hydrogen  peroxide  into  the  reactor  while 
full  air  sparging  continued.  The  hydrogen  peroxide  was  dosed  into  the  biorc¬ 
actors  from  a  stock  feed  reservoir.  The  level  of  hydrogen  peroxide  in  the  feed 
reservoir  was  selected  based  on  the  flow  rate  of  solution  into  the  biorcactor 
and  the  targeted  ML  concentration.  A  bench-scale  Master  Flex  brand  100- 
rpm-rated  ;3eristaltic  pump  was  used  to  meter  the  stock  hydrogen  jx^roxidc 
solution  into  Biorcactor  3. 

Over  time,  lire  rate  of  air  sparging  into  the  biorcactor  was  reduced,  while 
the  amount  of  hydrogen  peroxide  added  increased.  Essentially,  introduction  of 
the  hydrogen  peroxide  to  Reactor  3  was  viewed  as  another  acclimation  study 
pha.se.  In  this  case,  acclimation  of  the  biomass  to  potentially  toxic  levels  of 
hydrogen  peroxide  was  required.  Acclimation  was  evaluated  based  on  stable 
solids  concentrations  and  contaminant  removals  (BOD,  COD,  and  benzene;. 


ML  Mixing 

AS  systems  typically  utilize  aeration  as  a  means  of  boUi  providing  oxygen 
and  mixing  the  ML  in  the  aeration  chamber.  Since  hydrogen  peroxide 
replaced  aeration  as  an  oxygen  source,  mechanical  mixing  was  employed  to 
maintain  the  Ml.  in  suspension.  Lighuiin  brand  Model  T32l)U)  1/15-hp  labo¬ 
ratory  mixers  were  u.scd  to  mix  the  ML.  Paddle  impellers  were  used  to  keep 
the  ML  mixed  in  the  aeration  chambers,  lire  paddle  imixiller  was  selected 
because  it  did  not  induce  mixing  eddies  wiiliiri  the  in-line  clarifier.  When 
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difficulties  associated  witli  poor  sludge  settling  were  encountered,  the  paddle 
blades  were  slightly  bent  to  cause  an  upward  eddy  to  occur  in  the  aeration 
chamber  at  the  bottom  of  the  baffle  v'all  separating  the  aeration  chamber  Irom 
the  clarifier.  Tnis  adjustment  improved  the  movement  of  settled  sludge  out  of 
the  clarifier  back  into  the  aeration  chamber.  All  three  mixers  were  set  at 
150  rpm. 

The  contents  of  all  three  bioreactors  were  mixed  using  the  Lighmin  mixers, 
even  though  the  aerated  bioreactor  did  not  require  mechanical  agitation,  so  a 
direct  comparison  of  VOC  losses  could  be  assessed.  The  oxygen-sparged 
bioreactor  (No.  2)  did  require  mcclianical  mixing  because  the  low  flow  rate  of 
oxygen  into  the  bioreactor  did  not  effectively  keep  the  ML  suspended.  Photo¬ 
graph  1  shows  the  experimental  setup  used  for  this  study. 


Determination  of  Hydrogen  Peroxide  Fate 

Several  studies  were  conducted  to  evaluate  the  rate  and  determine  kinetic 
data  for  the  degradation  of  hydrogen  peroxide,  H^Oj,  by  enzymatic  pathways 
in  the  AS  system.  'ITc  AS  samples  used  in  these  experiments  were  collected 
from  chemostat-type  reactors  that  were  in  operation  within  the  WES  Hazardous 
Waste  Research  Center  in  support  of  another  ongoing  study.  These  reactors 
have  a  volume  of  10  ^  and  arc  fed  VPOTW  secondary'  influent.  The  reactors 
have  MLSS  and  MLVSS  concentration  averaging  1,250  and  1,100  wg/t, 
respectively.  ML  samples  were  not  collected  from  the  three  biorcactors  used 
in  this  study  because  of  their  limited  volumes  (2  ()  and  concerns  over  potential 
adverse  effects  of  these  experiments  on  the  ML. 

For  each  experiment,  a  1  -C  volume  sample  of  ML  was  collected  from  the 
reactors,  placed  in  volumetric  flasks,  and  .stirred  using  a  magnetic  stir  bar  and 
plate.  Hydrogen  peroxide  was  batch  dosed  to  the  ML  at  the  target  levels  and 
the  residual  hydrogen  peroxide  levels  measured  over  tiinc  using  the  EM  Quant 
strips  and  rcflcctomctcr.  For  some  experiments,  the  ML  was  diluted  using 
distilled  water  to  achieve  lower  MLSS  levels.  Hydrogen  peroxide  concentra¬ 
tions  were  measured  at  various  time  increments  and  recorded.  Any  observa¬ 
tion  noted  during  the  course  of  ilicsc  experiments  in  icnns  of  ML  consistency 
or  color  was  also  recorded. 


Analytical  Methods 

The  analytical  techniques  u.scd  in  this  study  were  performed  by  the  techni¬ 
cians  ol  the  WES  Hazardous  Waste  Research  Center  or  tlic  Environinenial 
Chemistry  Branch,  WES.  The  methods  and  iastmmcm.s  used  for  these  analy¬ 
ses  aie  discussed  below.  Tlic  experimental  methods  u.scd  were  obtained  from 
Standard  Methods  for  the  Examination  of  Water  and  Wastewater  (Greenberg, 
Clesu'ri,  and  Eaton  W)2)  unless  otherwise  noted. 
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Photograph  1 .  Experimental  setup  including  mixers 


Catalase  assays 

Catalase  degrades  hydrogen  peroxide  to  water  and  oxygen  according  to  die 
following  equation: 

2  Il^Oj  2  H^O  +  O2 

In  an  attempt  to  understand  the  mcchtuiisms  and  quaniily  die  rates  of 
hydrogen  peroxide  degradation  in  biological  activated  sludge  reactors,  quantifi¬ 
cation  of  catalase  presence  wiiliin  each  of  the  biorcactors  was  pciformed  using 
a  catalase  assay  tecltniquc.  It  was  speculated  that  analysis  of  the  ML  for  cata¬ 
lase  would  indicate  greater  amounts  of  catalase  present  in  the  biorcactor  (Bior- 
cactor  3)  exposed  to  hydnigcn  peroxide  than  in  the  other  two  biorcai  ton;,  lliis 
speculation  was  based  on  the  assumption  that  catalase  could  be  detected  in  an 
ML  tnatrix  that  contains  Ixtlli  active  and  inactive  cells.  Hopefully,  some  of  the 
inactive  or  dead  cells  were  lysed,  thereby  releasing  its  cytoplasm,  containing 
catalase,  into  tlie  ML  slurry. 

'I'he  assay  selected  for  catalase  quantification  wa.s  a  modilication  ot  an 
assay  obtained  from  Solvay  Ln/ymes,  Inc.  Information  alxiui  this  ;issay  was 
supplied  by  Mr.  John  Humjrhreys  Iroin  Solvay  Ln/,ymcs,  Inc.,  Research  and 
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Development,  1230  Rudolph  Street,  Elkhart,  IN,  41514.  This  catalase  assay 
was  modeled  after  a  method  u.sed  by  Beers  and  Sizer  (1952)  and  modified  by 
Chance  and  MadJy  (1955). 

The  metliod  depends  on  spectrophotomctrically  tracking  the  enzymatic 
activity  during  degradation  of  a  preset  amount  of  hydrogen  peroxide  to  water 
and  oxygen  at  a  wavelength  of  240  nm.  The  assay  defines  a  unit  of  enzymatic 
activity  as  the  decomposition  of  10*  moles  of  hydrogen  peroxide  at  specified 
conditions  at  25  °C.  This  assay  uses  bovine  liver  catalase  to  degrade  hydrogen 
peroxide  under  a  timed,  sequenced  spectrophotomctric  analysis  to  determine 
catalase  activity. 

A  stock  solution  of  catalase  enzyme  was  made  by  dissolving  0.1  g  of  the 
solid  lyophilized  enzyme  in  50.0  ml  of  0.005  M  phosphate  buffer  that  main¬ 
tained  a  pH  of  7.0  (~1:5(X)).  This  solution  was  labeled  as  Solution  A  and  was 
used  as  stock  solution  for  catalase.  A  second  solution.  Solution  B,  was  formu¬ 
lated  by  diluting  0.1  ml  of  Solution  A  to  10  ml  with  deionized  distilled  water 
("1:50,000).  Continual  serial  dilutions  were  made  to  test  the  sensitivity  of  the 
catalase  assay. 

A  hydrogen  peroxide  solution  was  made  by  diluting  0.3  ml  of  30-pcrcent 
HjOj  to  approximately  0.059  M  by  adding  it  to  50  ml  of  0.05  M  phosphate 
buffer  (pH  =  7.0).  Several  .serial  dilutions  of  known  c<.mccntratiorLs  of  hydn^- 
gen  peroxide  were  made  cither  by  dilution  of  50  or  3(>-percent  hydrogen 
peroxide  by  weight  to  the  appropriate  concentration. 

A  0.05  M  phosphate  buffer,  used  as  the  baseline  reagent  matrix,  was  made 
by  making  a  solution  of  0.1  M  phosphate  buffer  (pH  7.0),  then  by  diluting  1:1 
with  distilled  water.  A  ratio  of  50  ml  of  0.1  M  KHjPO^  (13.56  g/C)  was  mixed 
with  29.1  ml  of  0.1  M  NaOH  (4,0  g/C).  Doubling  the  volume  of  the  final  mix¬ 
ture  with  distilled  HjO  gave  a  phosphate  buffer  of  0.05  M  (pH  7.0).  It  can  be 
noted  that  this  assay  can  be  adapted  for  measurement  of  catalase  activity  by 
making  serial  dilutions  of  catalase  in  the  presence  of  excess  hydrogen  perox¬ 
ide,  or  it  can  be  used  for  measurement  of  hydrogen  peroxide  by  producing  a 
standard  curve  of  hydrogen  peroxide  by  serial  dilutions  in  excess  of  catalase 
enzyme. 

Before  modification,  the  assay  was  first  run  to  become  lamiliar  witli  the 
procedures.  Solutions  were  prepared  as  specified  in  the  assay,  and  the  proce¬ 
dure  was  run  successfully  several  times.  The  change  in  absorbance  (A)  versus 
time  was  measured,  and  a  value  for  catalase  activity  v/as  obtained.  An  exam¬ 
ple  of  the  change  in  absorbance  versus  time  for  tlic  assay  is  shown  at  Figure  4, 
Samples  were  added  directly  to  a  fused  silica  sample  cuvette  (3 -ml  volume  and 
1.0-cra  path  Icngtli)  oy  first  introducing  2.0  ml  ol  enzyme,  then  by  adding 
1.0  ml  ol  hydrogen  peroxide  substrate.  The  reference  cell  contains  2.0  ml  of 
water  and  1.0  ml  of  hydrogen  pernxide.  Readings  were  taken  at  time  zoro  and 
tlicn  at  10-scc  intervals,  'lire  theoretical  absorbance  at  time  zero  for  a  0.059  M 
concentration  of  hydrogen  jxroxide  is  exix,’ctcd  to  be  about  0.k50.  Constant 
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Figure  4.  Spectrophotometiic  trace  of  enzyme  absorbance 

agitation  to  rciiiove  oxygen  bubbles  formed  by  peroxide  degradation  was 
necessary. 

A  sfjcctrophotometer  with  computer  interface  was  used  to  measure  absor¬ 
bance.  A  program  was  developed  for  the  .spectrophotometer  that  monitored  the 
loss  of  hydrogen  peroxide  by  measuring  changes  in  ab.sorbancc  at  240  run. 
Ab.'icrbaiKC  was  monitored  over  a  70-sec  time  period,  with  readings  taken 
every'  10  sec.  Data  generated  was  stored  on  computer  disk,  and  hard  copy 
graphs  of  absorbance  versus  time  were  produced. 

To  conduct  the  test,  2  ml  of  the  enzyme  were  added  to  the  cuvette  and 
placed  in  the  spectrophotometer.  One  miUiliier  of  the  hydrogen  peroxide  solu¬ 
tion  was  then  pipetted  directly  into  the  cuvcttc.  Tlic  test  program  of  the  com¬ 
puter  was  started  simultaneously  with  the  addition  of  the  hydrogen  peroxide, 
and  the  change  in  absorbance  was  monitored  foi  70  see.  Tlic  change  in  absor¬ 
bance  was  calculated,  and  a  resulting  crtzymaiic  activity  level  was  computed  as 
units.i'milligram  or  units/millilitcr  of  sample  (method  of  calculation  shown 
below).  It  can  be  noted  from  Figure  4  that  absorbance  staned  at  about  0.9  and 
decreased  rapidly  during  the  test  to  a  minimum  value. 

After  familiarization  with  the  instrument  and  assay,  the  procedures  were 
adapted  to  examine  the  water  from  Biorcacior  3.  which  used  hydrogen  perox¬ 
ide  as  an  oxygen  source.  To  test  for  enzymatic  activity  in  Biorcactor  3,  tfic 
enzyme  solution  specified  in  the  assay  was  replaced  with  filtered  water  from 
the  reactor.  An  aliquot  of  water  from  Biorcactor  3  was  obtained  and  tlicn 
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filtered  to  remove  solids.  The  filtrate  was  then  filtered  two  times  through  a 
0.45-}im  Milliporc  filter  to  remove  any  remaining  particulates.  Several  concen¬ 
trations  of  hydrogen  peroxide  solutions  were  prepared,  in  addition  to  those 
specified  by  the  assay. 

The  method  of  calculation  used  was  the  same  as  described  by  Solvay 
Enzymes.  Inc.  The  catalytic  activity  is  given  as  units  per  milliliter,  or  units 
per  milligram  of  sample.  A  unit  is  given  as  1  pmol  of  hydrogen  peroxide 
decomposed  per  minute  at  25  °C.  The  change  in  absorbance  per  minute, 
AAAnin,  was  determined  by  subtracting  the  final  absorbance  from  the  initial 
absorbance,  and  the  catalase  activity  was  calculated  using  the  equation  given  in 
the  assay,  shown  below; 


units/mg  = 


AA/min 

e  X  mg  catalase/ml  reaction  mixture 


where 


A  =  absorbance 

c  =  molar  absorptivity,  (A  x  1  x  cm  '  x  mol  ‘) 
units  -•  jimol  IIjOj  decomposed/min  at  25  °C 


Solids 

Method  Nos,  2540D  and  2540E  were  used  for  determining  MLSS  and 
MLVSS,  respectively.  A  Cole-Palmer  brand  convection  oven  and  Thermo- 
chem  brand  muffle  furnace  were  used  foi  sample  drying.  A  MetUcr  brand  four 
place  analytical  balance  was  used  for  weighing  the  samples.  MiUipore  brand 
0.45-pm  glass  fiber  filters  were  used  with  Millipore  all-glass  filter  systems  for 
dewatering  the  ML. 


Sludge  volume  index  (SVI) 

SVl  was  detennined  following  Method  2710D  with  one  minor  modification. 
That  modification  was  that  a  lOO-ml  graduated  cylinder  was  used  instead  of 
the  recommended  l,0(X)-ml  graduated  cylinder.  The  smaller  cylinder  wa.s  used 
because  of  the  small  volume  of  the  chemostats  used  in  this  study. 


Temperature  and  pH 

An  Orion  Model  EA940  pH  meter  and  probe  was  u.scd  lor  analyzing  pH. 
Fisher  brand  thermometers  were  used  during  temperature  measurements. 
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Dissolved  oxygen  (DO) 


DO  McLhod  4500  OG  was  followed  using  an  Orion  Oxygen  Analyzer 
Model  840  and  probe  lo  measure  DO.  Air  calibration  technique  was  used  for 
system  calibration. 


Oxygen  uptake  rate  (OUR) 

Method  271  OB  was  used  for  determining  ML  OLIR  using  an  Orion  Model 
840  oxygen  analyzer  and  probe.  Air  calibration  technique  was  used  for  meter 
and  probe  calibration. 


Biochemical  oxygen  demand  (BOD)  and  chemical  oxygen  demand 
(COD) 

BOD  test  methods  used  in  this  study  were  Method  507,  which  utilizes  a 
DO  meter  and  probe.  The  COD  was  measured  as  described  in  Method  5220D, 
which  used  a  Hach  digester  and  colorimeter. 


Hydrogen  peroxide 

A  variety  of  analytical  techniques  for  hydrogen  peroxide  were  evaluated 
during  this  study.  The  reasons  for  evaluating  several  methods  was  that  the 
poor  light  transmittance,  complex  chemical  matrix,  and  rapid  roactions  associ¬ 
ated  with  the  bioreactor  ML  made  analysis  of  hydrogen  peroxide  using  tradi¬ 
tional  techniques  difficult.  Appendix  B  details  the  evaluation  efforts  made 
during  tltis  study  to  select  an  appropriate  method.  Based  on  these  activities,  an 
RQFlex  Reflectomcter  (EM  Science  Inc.,  Gibbsiown,  NJ)  was  used  to  measure 
hydrogen  peroxide  levels.  This  system  uses  a  colorimetric  type  test  to  measure 
hydrogen  peroxide  residuals  in  the  range  of  0.2  to  20  mg/f.  Because  of  the 
limited  measurement  range  of  the  instrument,  the  samples  taken  from  the  ML 
were  diluted  with  distilled  deionized  (DDI)  water.  This  was  accomplished  by 
diluting  a  5-ml  sample  with  95  ml  of  DDI  water  for  a  20;  1  dilution.  Results 
displayed  on  the  meter  were  then  multiplied  by  20. 


VOC  analysis 

Liquid  phase  VOC  analysis  was  pertbmicd  using  a  Hewlett  Packard  Model 
5890  gas  cliromaiography  unit  and  01  brand  purge  and  trap  sample  concentra¬ 
tor.  The  VOC  mctliod  used  was  U.S.  Environmental  Protection  i*,gcncy 
(USEPA)  Method  602. 

Air  phase  VOC  analysis  w-as  performed  u.sing  an  HNU  Inc.  Model  101 
photoionizer  volatile  organic  compound  analyzer  that  was  calibrated  specifi¬ 
cally  for  direct  benzene  concentration  output. 
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3  Study  Results 


Acclimation  Phase 

The  Acclimaiion  Phase  of  the  study  was  performed  to  acclimate  a  microbial 
coasortia  to  the  high  levels  of  benzene  in  the  amended  groundwater  influent. 
Various  aspects  of  the  Acclimation  Phase  are  discussed  below.  In  all  of  the 
figures  used  to  present  data  from  diis  study.  Day  1  represents  3  weeks  of  bio¬ 
reactor  operation  prior  to  any  addition  of  groundwater  to  the  influent.  The 
period  of  time  prior  to  Day  1  is  not  of  importance  because  it  was  used  to  fine- 
tune  bioreactor  operations  and  focused  on  operation  of  the  bioreactors  using 
VPOTW  influent.  One  point  of  interest  on  the  study  activitie.s  prior  to  Day  1 
is  that  a  sequential  batch  reactor  (SBR)  system  was  originally  used  for  mainte¬ 
nance  of  the  biomass,  but  poor  sludge  settling  resulted  in  significant  solids  loss 
during  the  decant  stage.  Convemion  to  AS  resulted  in  improved  solids  captuio 
because  of  improved  sludge  recirculation  using  the  in-vessel  clarifiers. 


SVI 

Figure  5  presents  the  SVI  values  measured  during  the  Acclimation  Phase 
for  all  three  bioreactors.  As  expected,  during  the  period  when  the  influent  to 
tlic  bioreactors  was  composed  of  primarily  POTW  influent,  the  SVIs  fluctuated 
around  the  100  value  (an  SVI  of  I(X)  is  considered  characteristic  of  a  sludge 
with  excellent  settling  characteristics).  However,  as  tlic  influent  groundwater 
composition  increased,  the  SVIs  increased  to  levels  in  excess  of  1,000  at  times. 
Sludge  containing  microbial  consortia  unoergoing  significant  physiological 
changes,  such  as  new  members  of  the  consortia  flourishing  and  populations  of 
previously  dominant  members  decreasing,  typically  has  chaiacterislically  high 
SVIs.  This  speculation  is  further  substantiated  by  the  low  solids  concentra¬ 
tions  and  high  MLVSS  to  MLSS  ratios  observed  (these  data  arc  presented 
next). 
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MLSS 

Figure  6  presents  the  MLSS  data  for  the  three  bioreaciors  during  the  Accli¬ 
mation  Phase.  At  the  initiation  of  tlie  Acclimation  Phase  prior  to  any  ground 
water  addition  (Days  12  through  26),  a  washout  of  Ml  biomass  occurred 
because  of  technician  error  in  tenns  of  setting  the  inllueni  pump  flow  rate.  As 
a  result  of  the  washout,  additional  ML  from  the  Jackson  POTW  was  added  to 
the  aeration  chambers  of  all  three  biorcactors  to  increase  the  solids  concentra¬ 
tion  in  the  aeration  chamber.  This  activity  resulted  in  the  elevated  MLSS 
concentrations  measured  on  Day  28.  As  the  portion  of  groundwater  added  to 
the  influent  increased,  MLSS  levels  in  all  three  biorcactors  decreased  and 
eventually  stabilized  at  approximately  1,000  mg/f  when  the  influent  was  com¬ 
posed  of  lOO-pcrcent  amended  RMA  groundwater. 


MLVSS 

Figure  7  presents  the  MLVSS  data  for  the  tlirec  bioreaciors  during  the 
Acclimation  Phase.  The  M1.VSS  data  generally  followed  the  same  trend 
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Figure  6.  Acclimation  Phase  MLSS  data 


obsen'ed  with  the  MLSS  data  (Figure  6).  The  ratios  of  MLVSS  to  MLSS  over 
the  course  of  the  Acclimation  Phase  were  greater  than  89  jxjrccnt,  indicating  an 
ML  with  a  low  fixed  solids  content  and  high  active  biomass  concentration. 
Tlie.se  ratios  are  indicative  of  a  dynamic  sludge  that  appears  to  be  undergoing 
possible  physiological  changes  as  the  influent  substrates  became  more  coraplex 
in  terms  of  chemical  compo.sition. 


BOD  removal 

Figure  8  presents  the  influent  and  elflucnl  BOD  for  all  three  bio.''cactors 
measured  during  the  Acclimation  Phase.  As  the  atnoum  oi  groundwater  com¬ 
posing  the  influent  increased,  inllueoi  BOD  also  iticreascd.  The  b.orcaciors 
did  not  indicate  any  adve.-se  effects  on  BOr)  removal  as  the  levels  of  benzene 
present  in  the  infiuent  increased  (this  wa;;  due  to  tl)c  incrca.sed  amounts  of 
RM.'X  groundwater  composing  the  inllueni).  BOD  removals  in  excess  of 
93  percent  were  maintained  ihioughoul  the  Acclimation  Phase,  indicatirtg  a 
S!..ablc  biorcactoi  system.  There  was  liule  observed  difference  in  biorcactor 
p-.^rfoimance  lowaris  BOD  removal. 
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TIME,  days 

REACTOR  1  -O-REACTOR  2  *  REACTOR  3 


Figure  7.  Acclimation  Phase  MLVSS  data 


COD  removal 

Figure  9  presents  the  COD  concentrai.'ons  analysed  in  the  influent  and 
effluents  for  all  three  bioreactors  during  the  Acclimation  Phase.  From  the 
figure,  approximately  50-perccnt  removal  of  COD  was  achieved  within  all 
three  biorcactors.  As  the  composition  of  the  influen;  increased  in  terms  of 
groundwater  conteiu,  the  effluent  CODs  increased.  When  comparing  the  BOD 
data  (Figure  8)  to  ilie  COD  data  (Figure  9).  it  is  apparent  that  the  groundwater 
contained  an  organic  fraction  that  was  not  easily  oxidized  by  the  microbial 
consortia  in  the  biorcactore.  By  Day  1 13,  when  the  influent  v/as  l(X)-perccnt 
groundwater,  the  effluent  CODs  from  all  three  bioreactors  had  increasctl  from 
levels  below  100  mg/C  when  no  groundwater  was  present  to  levels  centering 
around  300  mg/’C.  Tlie  data  also  show  that  the  biorcactors  gencially  per¬ 
formed  equally  in  terms  ol  COD  removal. 
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Acclimation  Phase  BOD  data 


Benzene 

Figure  2  presents  the  total  benzene  data  versus  test  time  for  the  bioreacior 
influent  throughout  the  complete  study.  The  POTW  influeni,  as  expected,  did 
not  contain  measurable  amounts  of  benzene.  Thcieforc,  as  the  percentage  of 
groundwater  composing  the  influent  increased,  so  did  tfic  measured  levels  ol 
benzene  in  the  inllueni  increase.  Benzene  was  rarely  detected  in  the  cffiucnis 
from  any  of  the  biorcactors  during  the  Acclimation  Phase  of  study,  indicating 
almost  100-percent  removal  of  the  benzene  (which  is  why  effluent  benzene 
levels  were  not  plotted).  Idiesc  data  indicate  a  high  potential  for  removing 
benzene  from  the  RMA  groundwater  using  biological  proccs.ses. 


Extent  of  acclimation 

Figure  10  presents  the  results  of  an  evaluation  of  tlie  extent  of  acclimation 
achieved  using  respiromeiric  techniques.  During  tlicsc  experiments,  systems 
influent  was  loaded  into  four  microcosms  seeded  witli  nonacclimated  biomass 
from  the  Jackson  POTW  and  four  microcosms  containing  equal  ptinions  of 
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Figure  9.  «  climation  Phase  COD  data 


acclimated  b  t  lass  from  the  three  study  bioreactors.  These  data  indicate  that 
the  overall  o, ;  ;en  utilized  over  fime  was  consistently  greater  throughout  the 
70  hr  of  testii ,  Cleaily,  the  microbial  consortia  were  much  more  cfficieni  in 
terms  of  carlx  substiaie  usage. 


Summary 

The  consortia  was  considered  acclimated  by  Day  113  based  on  the  stability 
of  the  consortia  in  terms  of  contan-iinant  removals,  solids  concentrations,  and 
complete  conversion  of  the  influent  to  amended  groundwater  sample.  The 
consortia  did  indicate  evidence  of  slight  inhibitory  effect;,  because  of  the  chem¬ 
ical  complexity  ol  the  groundwater  sample  and  ftoor  cell  synthesis  potentitil. 

At  tliis  point  in  tlie  study,  it  was  decided  to  proceed  to  die  Hydrogen  Peroxide 
Introduction  Phase  of  study. 
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Acclimated 

Non-Acclimated 


Figure  10.  Comparison  of  acclimated  versus  unacclimated  biomass  towaro  usage 


Hydrogen  Peroxide  Introduction 

This  phase  of  study  was  designed  to  evaluate  the  ability  of  AS  to  utilize 
hydrogel’  peroxide  as  die  sole  oxygen  source.  A  variety  of  approaches  to 
introduction  of  residual  levels  of  hydiogen  peroxide  were  attempted.  The 
following  discussion  describes  these  efforts,  then  siimmari/es  the  result,''. 


Hydrogen  peroxide  acclimation 

On  Day  181,  a  50-mg/f  hydrogen  peroxide  slock  solution  was  introduced 
to  Biorcaclor  3  at  a  rale  of  10  ml/hour.  Mass  balance  of  hydrogen  peroxide 
around  die  bioreactor  was  dcveloix'd  as  lullows; 
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MASS,.,.  =  MASSolt  -  ACCUMULATION  -  REACTION(S) 


'ITic  above  equation  represents  the  basic  mass  balance  equation  for  any 
closed  system.  For  initial  development  of  hydrogen  peroxide  feed  rate  esti¬ 
mates,  accumulation  and  reaction  terms  were  considered  zero  (i.e.,  hydrogen 
peroxide  is  a  conservative  spyecics).  It  was  lealiz-cd  wiicn  diis  assumption  was 
made  that  significant  reactions  arc  likely  to  occur  within  the  bioreactor,  How¬ 
ever,  a  nonreactive  hydrogen  peroxide  dose  was  determined  using  the  follow¬ 
ing  equation 

X  X  Qi^,}  -  (Cfp  X  Qp,) 


where 

Cf,p  =  concentration  of  in  the  stock  solution,  mg/{ 

Q„p  =  flov/  rate  of  stock  solution  into  the  bioreactor,  ml/min 
Qw  =  concentration  of  H^CL  in  influent,  mg/{ 

Q,fj  =  influent  flow  rate,  ml/min 

=  concentration  of  HjOj  in  the  bnreactor  effluents,  mg/£ 

Qlf  2/a  +  Qiip‘  ml/min 

Note  that  by  definition  of  a  completely  mixed  reactor,  Q,  is  also  tlic 
hydrogen  p/^roxidc  concentration  wiihin  tlic  aeration  chamber.  Also,  the 
hydrogen  peroxide  concentration  in  the  system  influent  is  equal  to  zeru.  Fur¬ 
ther  manipulation  of  the  nonrcactivc,  mass  balance  equation  yields 

_  2//,.  (^11, 


Tliis  concentration  is  referred  to  as  tlie  applied  residual  liydiogen  picroxidc 
dose.  Applied  residual  hydrogen  peroxide  do.se  is  anotfier  method  for  describ¬ 
ing  hydrogen  jicroxidc  dose,  llic  other  method  is  mass  of  hydrogen  picroxide 
dosed  per  unit  time.  Ihc  appilicd  residual  dose  is  tlic  concentration  ol  hydro¬ 
gen  jKtroxidc  tliat  is  calculated  based  on  the  amount  ol  hydrogen  jxtroxidc  led 
into  a  complete-mix  reactor  witli  no  reactions  occurring  involving  hydrogen 
peroxide.  In  oilier  words,  hydrogen  {xtroxide  is  treated  like  a  nonrcactivc 
species.  Using  a  stock  solution  of  50  nqVf  do.sed  at  a  10  nil/min  rate  and 
assuming  no  reaction  of  the  hydrogen  peroxide  within  die  aeration  diaiuber,  an 
applied  rcsiduaJ  hydrogen  p/eroxide  eonecntralion  of  4.17  mg/C  is  estimated. 
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Aeration  was  continued  in  the  biorcactor  as  hydrogen  peroxide  was  initially 
introduced  'nto  the  biorcactor.  This  was  done  to  ensure  sufficient  aerobic 
conditions  while  allowing  evaluation  of  the  impact  of  the  residual  hydrogen 
peroxide  levels  on  the  biomass  since  hydrogen  peroxide  can  be  toxic  to 
microorganisms  (see  Chapter  1 ).  It  was  feared  that  localized  pockets  of  the 
concentrated  hydrogen  peroxide  stock  solution  at  the  point  of  injection  into  the 
bioreactor  could  damage  the  ML  biomass.  Periodically,  the  concentration  and 
dosing  rate  of  the  hydrogen  peroxide  stock  solution  was  increased  to  evaluate 
if  any  adverse  impacts  of  injecting  higner  levels  of  stock  solutions  would  be 
obser/ed. 

Tabic  2  summarizes  the  various  combinations  of  hydrogen  peroxide  dosing 
schemes  evaluated  (i.e.,  stock  feed  flow  rate  and  stock  solution  concentrations) 
llic  various  doses  of  hydrogen  peroxide  evaluated  did  not  appear  to  adversely 
impact  the  activity  of  the  biomass  ba.sed  on  visual  observations  and  review  of 
operational  data  (solids  concentrations,  contaminant  removals,  and  nutrient 
usage). 


Table  2 

Chronological  Order  of  Events  During  Hydrogen  Peroxide  Introduction 


Test  Day  Ooa« 

... 

air  i:inui  Data 

cc/mln 

Stock  HjO, 

WWIWttVft  1 

mfl/< 

r\ 

cc/hr 

nesiuuMi  HjC} 
m^l 

181 

1,500 

50 

10 

4  2 

206 

1.500 

200 

10 

16  8 

208 

1.500 

200 

20 

33  6 

215 

1,500 

1,000 

20 

168 

217 

1,500 

1,000 

40 

336 

285 

1,145 

1,000 

40 

336 

297 

699 

1.000 

40 

336 

306 

0 

1,000 

40 

336 

Oxygen  uptake  rate  (OUR) 

Oxygen  uptake  rate  ex[xrinicnts  were  performed  to  estimate  ilie  amount  of 
molecular  oxygen  (in  tcmis  ol  dosed  mass)  that  must  be  introduced  into  Bioro- 
actor  3  via  injection  of  tlic  stock  hydrogen  peroxide.  Figure  1 1  presents  the 
OUR  data  for  Bioreactois  1  and  3  iliai  were  generated  by  turning  off  airflow 
into  llie  biorcactor  and  monitoring  ML  DO  over  time.  Tlicse  data  indicate  that 
the  OUR  lor  botli  bioreactors  was  approximately  0.32  mg  DO/€/min  indicating 
that  the  injection  of  50  mg/C  ol  hydrogen  petvxide  into  Biorcactor  3  was  not 
inliibitory  nor  significant  enough  to  appmeiably  meet  oxygen  demand. 


36 


ChapicT  3  Study  Rusults 


OURs  Measured  in  Bioreactors 


,  Bioreactor  1  (no  H202  added  in  bioreactor) 
^  Bioreaetor  3  (Residua]  [H202]  -  50  ppiri) 


Figure  1 1 .  Bioreactor  OUn  data 


Figure  12  presents  the  results  of  an  exp>eriment  performed  to  compare  the 
OUR  of  a  bioreaetor  without  previous  hydrogen  peroxide  exposure  with  one 
with  an  acclimated  microbial  population.  The  resulting  lower  OUR  in  the 
unexposed  reactor  indicates  that  acclimation  to  hydrogen  peroxide  is  required. 
'ITic  results  of  this  experiment  indicate  that  the  bioreaetor  OUR  for  Bio¬ 
reactors  1  and  3  were  0.056  and  0.053  mg  DO/d/'min,  respectively.  The  addi¬ 
tion  of  50  mg/C  hydrogen  peroxide  did  reduce  the  OUR  of  die  biorcactors  by 
67  percent.  The  reduction  was  on  the  same  level  for  both  reactors,  indicating 
the  acclimation  of  the  microorganisms  to  residual  hydrogen  peroxide  was  not 
required.  Also,  the  results  indicate  diat  hydrogen  peroxide  appeared  to  be  a 
good  oxygen  source.  It  must  be  pointed  out  thai  another  conclusion  could 
have  been  drawn  from  these  data.  TTic  lower  OURs  observed  could  have  been 
attributable  to  reduced  microbial  activity  caused  by  an  inhibitory  or  toxic  effect 
of  the  hydrogen  peroxide  on  the  microorganisms.  However.  Uiis  conclusion 
was  nut  considered  viable  because  of  the  low  level  of  hydrogen  peroxide 
dosed.  As  stated  in  Chapter  1,  literature  suggests  iliat  levels  at  least  an  order 
of  magnitude  or  liiglicr  arc  required  to  adversely  impact  tlic  activity  of  most 
microorganisms. 

Hydrogen  peroxide  is  approximately  98-pcrccni  molecular  oxygen.  How¬ 
ever,  hydrogen  peroxide  breakdown  was  assumed  using  tlie  mechanism  previ¬ 
ously  presented  (Clmpter  2), 
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Dissolved  oxygen  concent:  jtion,mgA 
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Impact  of  7.7  mg/1  Hydrogen  Peroxide  on  OUR 


,  Koreactor  1  (no  previous  H202  cqiosurej 
^  Bioreactor  3  (previous  H202  exposure) 


Figure  12.  Comparison  of  acclimated  biomass  OUR  to  unacclimated  biomass  OUR 


2R20,^  +  catalase  -♦  2H2O  +  Oj 


Based  on  the  above  degradation  reaction  and  to  satisfy  an  OUR  of  0.16  mg 
DO/C.  hydrogen  peroxide  must  be  dosed  at  a  rate  of  0.34  mg  HjOj/liter 
ML/minute.  The  bioreactors  used  in  this  study  had  an  effective  volume  of  2  f 
requiring  the  addition  of  hydrogen  peroxide  into  the  biorcacior  at  a  dosing  rate 
of  approximately  0.64  mg  HjO^  per  minute  to  satisfy  tlic  OUR  of  the  ML 
consortia. 

Figure  13  presents  data  from  three  experiments  periormed  to  evaluate  the 
impact  of  various  applied  hydrogen  peroxide  doses  on  O' JR.  Figure  13  indi¬ 
cates  that  increasing  the  applied  hydrogen  peroxide  dose  into  a  bioreactor  docs 
reduce  OUR  based  on  changing  oxygen  levels  over  time.  Applied  dosages  of 
16.8  mg/f  and  33.6  mg/f  represent  oxygen  mass  dclivci7  rates  of  0.034  H2O2 
mg/min  and  0.068  mg  H202/min.  Tfiesc  delivery  rates  were  on  an  order  of 
magnitude  too  low  for  meeting  the  measured  OUR  ol  biorcactors. 

Ba.scd  on  tlic  calculated  OUR  for  Uie  bioicactors,  an  applied  residual  hydro¬ 
gen  peroxide  dose  of  333  nq^/C  w'as  selected.  A  hydrogen  peroxide  stock 
.solution  of  1 ,000  rng/{  and  dosing  flow  rate  of  40  mVlir  were  used  to  obtain 
this  dose.  These  conditions  represented  maximum  dosing  conditions  based  on 
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Bioreactor  3  OUR  with  Various  H202  levels  Present 


B  1 6.2  ppiri  Nonreactcd  Dose  ,  33.6  ppn  N onreacted  Dose 

1 68  Fpni  Nonreactcd  Dose  w/240  cc/mih  A 


Figure  13.  Evaluation  of  applied  residual  HjOj  dose  on  OUR 


the  assumption  from  literature  that  hydrogen  peroxide  levels  in  excess  of 
1,000  mg/{  would  have  a  toxic  effect  on  the  ML  biomass.  Also,  dosing  flow 
rates  greater  than  40  ml/hr  would  represent  greater  than  35  percent  of  iJic  total 
liquid  fed  into  the  bioreactor.  This  dosing  represents  an  oxygen  delivery  rate 
of  approximately  0.66  mg  HjO^/min.  This  delivery  raiC  (0.66  mgyinin)  was 
approximately  equal  to  the  OUP  measured  in  Biorcactor  3  (0.32  nr,g  DO/inin). 


Conversion  of  Bioreactor  3  to  hydrogen  peroxide  as  an  oxygen 
source 

The  conversion  of  Biorcactor  3  to  hydrogen  fx^roxide  as  the  sole  oxygen 
source  was  completed  on  Day  306.  After  the  full  conversion  to  hydrogen 
peroxide  was  complete,  specific  attention  was  paid  to  1^0  levels  in  die  rcaclor. 
Extremely  low  levels  of  DO  were  detected,  usually  less  than  0..S  mg/t.  Addi¬ 
tionally,  analysis  for  residual  hydrogen  peroxide  levels  in  the  rcaclor  were 
pcrfomicd  using  tfic  EM  Quant  test  strips,  with  hydrogen  peroxide  never  being 
detected  in  the  aeration  chamber  of  Biorcactor  3.  The  low  DO  and  residual 
level  of  hydrogen  peroxide  in  the  biorcactor  were  not  unexpected.  ITie  hydro¬ 
gen  peroxide  dosing  rate  was  calculated  and  dosed  to  m:rei  the  OUR  of  the 
biorcactor.  Residual  levels  of  hydrogen  peroxide  or  DO  were  noi  expected  to 
be  found  in  the  biorcactor. 
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Bioreactor  performance  during  hydrogen  peroxide  Introduction 


Figures  14  and  15  present  the  COD  and  BOD  influent  and  effluent  data, 
respectively,  for  all  three  bioreaciors  while  Biorcacior  3  was  being  introduced 
to  the  presence  of  residual  hydrogen  peroxide  levels  within  the  aeration 
chamber.  These  data  indicate  little  or  no  adverse  impact  on  bioreactor 
performance  in  terms  of  gross  pollutant  removal. 


Figure  14.  Hydrogen  Peroxide  Introduction  Phase  BOD  data 


Figures  16  and  17  present  the  MLSS  and  MLVSS  data,  respectively,  for  all 
three  bioieactors  while  Biorcacior  3  was  being  introduced  to  residual  hydrogen 
peroxide  levels  within  the  aeration  chamber.  'Fliesc  data  support  the  results  of 
the  gross  pollutant  data  in  tliat  the  dosing  of  hydrogen  peroxide  did  not  appear 
to  adversely  impact  biorcacior  performance.  Figure  18  prc.scnis  the  DO  levels 
measured  in  Bioreacior  3  throughout  the  hydrogen  peroxide  Introduction 
Phase.  Because  air  sparged  into  Biorcacior  3  continued  throughout  this  study 
phase,  the  DO  in  tlic  aeration  chamber  rcmained  above  4  mg/f  until  the  air 
was  completely  turned  off  on  Day  302.  At  lliis  point,  the  DO  wiiliin  the  Bio 
reactor  3  aeration  chamber  decreased  lo  immeasurable  levels. 
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Figure  15.  Hydrogen  Peroxide  Introduction  Phase  COD  data 


The  air  was  not  completely  turned  off  until  Day  302  because  each  time  air 
sparging  in  Bioreactor  3  was  ceased,  the  DO  in  the  aeration  chamber  dropped 
below  0.5  mg/f  within  30  min  even  though  hydrogen  peroxide  was  bemg 
dosed  into  the  biorcacior.  Since  standard  enginceriiig  approximations  suggest 
that  the  DO  in  tlie  aeration  chamber  should  always  be  maintained  above 
0.5  mg/C,  much  concern  was  felt  that  the  aerobic  consortia  will  die  off  because 
of  low  DO  levels.  Also,  during  these  experiments,  residual  hydrogen  peroxide 
was  not  detected  within  tlie  aeration  chamber  of  Biorcactor  3.  However,  it 
was  believed  that  the  DO  levels  within  the  bioreacior  were  not  measured  using 
the  DO  meter  nor  were  the  residual  hydrogen  peroxide  levels  detected  in  the 
aeration  chamber  using  the  test  strips  because  the  dosing  rate  was  applied  at 
levels  just  high  enough  to  satisfy  tlie  OUR  of  the  bioreactor. 


Comparison  of  Bioreactor  Performance 

Biorcactor  2  was  converted  to  pure  oxygen  sparging  on  Test  Day  329. 
Thcietorc,  fnom  Day  329  to  Day  523,  the  comparative  pciibnnancc  of  all  three 
bioreactors  were  evaluated  to  determine  if  the  use  ol  hydrogen  {xtroxidc  as  an 
alternative  oxygen  source  had  any  adverse  effects  on  bioreacior  pcrlbrrnancc. 
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Figure  16.  Hydrogen  Peroxide  Introduction  Phase  MLSS  data 


SVI 

Figure  19  presents  the  SVI  data  for  the  three  biorcactors  during  the  Com¬ 
parison  Phase.  These  data  indicate  that  all  of  the  bioreactors  had  sludge  with 
poor  settling  characteristics.  The  high  levels  of  benzene  probably  had  an 
adverse  effect  on  ML  quality.  Tlie  air  sparged  bioreactor  (No.  1)  generally 
had  very  high  SVIs,  usually  greater  tlian  1,(XX).  Toward  the  end  of  the  study 
phase,  the  settling  properties  of  the  Bioreactor  1  began  to  behave  like  the 
sludge  from  the  other  two  bioreactors.  The  other  two  biorcactors  (2  and  3) 
had  SVIs  that  were  much  more  stable  than  Bioreactor  1 .  These  SVIs  generally 
remained  around  tlie  450  to  5(X)  range.  Bioreactor  3  had  elevated  SVIs  during 
tlic  period  from  Day  380  through  400. 


MLSS 

Figure  20  presents  die  MLSS  data  for  the  Uiree  biorcactors  during  the  Com¬ 
parison  Phase.  The  MLSS  concentrations  measured  varied  dramatically  by 
bioreacior  during  tfic  first  half  ol  the  comparison  phase  of  the  study.  The 
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Figure  17.  Hydrogen  Peroxide  Introduction  Pnase  MLVSS  data 


MLSS  concentration  ranges  for  the  air  sparged,  oxygen  sparged,  and  hydrogen 
peroxide  dosed  bioreactors  were  approximately  500  to  1,500  mg/1,  2,750  to 
1,500  mg/(,  and  800  to  2,200  mg/C,  respectively.  However,  by  the  second  half 
of  the  study  phase,  liie  three  bioreactors  had  similar  MLSS  levels  (approxi¬ 
mately  1,750  mg/C).  The  reason  for  the  variability  in  MLSS  levels  observed 
during  the  initial  pan  of  this  phase  is  believed  to  be  due  to  ilie  poor  settling 
characteristics  of  die  ML.  The  SVI  data  supports  this  reasoning  (sec  Fig¬ 
ure  19).  The  air  sparged  biorcactor  consistently  had  lower  MLSS  levels  and 
higher  S Vis  than  tlie  other  two  biorcactors,  with  the  oxygen  sparged  unit  con 
sistently  having  the  highest  MLSS  and  the  lowest  SVls.  Twice,  the  hydrogen 
peroxide  dosed  bioreactor  MLSS  concentrations  declined  then  recovered.  This 
decline  appeared  at  the  same  time  frame  when  the  SVls  became  elevated. 
Other  than  the  two  downward  trends,  the  hydrogen  peroxide  dosed  biorcactor 
(No.  3)  had  similar  levels  to  the  oxygen  sparged  biorcactor  (No.  2). 


MLVSS 

Figure  21  presents  the  MLVSS  data  for  the  three  biorcactors  dunng  die 
Comparison  Phase.  These  data  generally  followed  the  trends  observed  widi 
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TIME,  days 


Figure  18.  Hydrogen  Peroxide  introduction  Phase  DO  data 

the  MLSS  data.  The  only  appreciable  difference  noted  between  the  MLSS  and 
MLVSS  data  was  toward  the  end  of  the  phase  when  MLVSS  levels  in  the  air 
sparged  bioreactor  (No.  1)  exceeded  those  of  the  hydrogen  peroxide  dosed 
biorcactor  (No.  3). 


BOD 

Figure  22  presents  the  BOD  data  for  the  three  biorcaciors  during  the.  Com¬ 
parison  Phase.  TTiese  data  indicate  that  BOD  removal  achieved  fmm  tlic  three 
bioreactors  was  approximately  equal.  Percent  removals  of  BOD  over  the 
course  of  tliis  study  pliasc  were  usually  in  excess  of  95  pwreent,  indicating 
good  biological  activity  within  all  tluee  biorcaciors  toward  ilic  influent  BOD. 


COD 

Figure  23  presents  tlic  COD  data  for  ilie  three  bioreaciors  during  the  Com¬ 
parison  Phase.  There  was  little  difference  in  COD  removal  noted  between  the 
three  bioreactors,  lliis  is  somewhat  surprising  in  light  of  the  poor  sludge 
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Figure  19.  CoTiparison  Phase  SVI  data 


density  and  settling  characteristics  cbscn'cd  in  Biorcactor  1  compared  with  tlie 
other  two  bioreactors. 


Benzene 

As  discussed  earlier,  Figure  2  presents  tlic  influcni  benzene  concentrations 
analyzed  over  tlie  course  of  this  study  including  this  study  phase.  As  was  the 
case  with  the  Acclimation  Phase,  benzene  was  not  detected  in  any  of  ilic  biore- 
acior  effluents. 


Off-gasslng  flux 

Based  on  system  parameters  for  each  biorcacioi  system,  a  macs  balance  of 
benzene  around  the  biorcactois  was  pcrfomicd.  'Fhe  mass  balance  anjdysis 
assumed  that  all  of  the  benzene  wa.s  cither  biologically  degraded  in  the  biorc¬ 
actor  or  stripped  from  the  ML  via  the  sparged  gases  (i.c.,  air  or  pure  oxygen). 
Since  a  gas  stream  was  not  applied  to  Biorcactor  3,  die  liydrogcn  )x;roxidc 
dosed  biorcactor,  the  total  gas  flux  exiting  die  biorcactor  was  assumed  to  tc 
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SUSPENDED  SOLIDS,  mg/L 


Figure  20.  Comparison  Phase  MLSS  data 


zero.  Beazcne  mitss  balance  analysis  csiimated  that  the  amount  of  benzene 
stripped  from  the  air  and  oxygen  sparged  biorcactors  (1  and  2)  was  approxi¬ 
mately  15  and  1  percent,  respectively.  Since  Bioreacior  3  had  no  gas  streams 
exiting  it,  then  the  amount  of  benzene  lost  via  stripping  was  zero. 


Nutrients 

Figure  24  presents  the  ammoni:>  concentrations  for  the  influent  and  efflu- 
enis  for  all  thrcc  bioreactors  as  measured  during  the  Comparison  Phase  These 
data  indicate  tliat  the  bioreaciors  generally  had  appropriate  levels  of  ammonia 
for  sustaining  optimum  biological  activity.  An  interesting  observation  made 
upon  further  review  of  tiicse  data  indicates  that  the  hydrogen  fxrroxide  dcced 
bioreactor  (Biorcactor  3)  usually  liad  much  hjghci  levels  of  ammonia  present 
in  its  effluent.  This  trend  indicates  that  Biorcactor  3  cither  had  oxygen  levels 
that  were  only  capable  of  supporting  microbial  consortia  degrading  ilie  ca'iron 
source  and  insuflicicnt  for  tlic  nitriliers.  Also,  the  residual  tiydrogen  pxeroxidc 
levels  within  the  biorcactor  may  have  had  a  detrimental  effect  on  niiriticr 
populations,  indicating  that  they  are  f)Otcntially  more  sensitive  to  tlie  presence 
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Figure  21.  Comparison  Phase  MLVSS  data 


of  chemical  oxidizers.  As  a  point  of  note,  the  phosphate  nutrient  data  was  not 
plotted  because  no  significant  trends  were  observed  between  phosphate  levels. 
Phosphate  in  all  three  effluents  remained  at  approximately  10  mg/f  throughout 
the  experiments. 


Dissolved  oxygen 

Figure  25  presents  the  dissolved  oxygen  (Df'  '.oncentrations  measured  in 
the  aeration  chambers  of  the  two  gas  sparged  bio.cactors  during  the  Compari¬ 
son  Phase.  Tliese  data  indicate  consistently  high  DO  concentrations 
(approximately  7.5  mg/C)  were  measured  witliin  Uic  air  sparged  biorcactor 
(Bioreactor  1).  The  data  also  indicate  dial  the  DO  levels  maintained  in  the 
oxygen  sparged  biorcactor  generally  varied  from  10  to  30  mg/{.  Tfiis  high 
degree  of  variability  was  attributed  to  poor  oxygen  gas  fiow  rate  control 
obtainable  using  the  regulatory  valuing  system  supplied  witli  tlic  rotameter 
used.  One  interesting  observation  made  during  this  phase  ed  study  was  the 
lack  of  measurable  DO  within  Biorcactor  3.  lliis  indicates  tliai  the  hydrogen 
peroxide  dose  rate  selected  was  generally  at  equilibrium  witli  die  OUR. 
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Figu.e  22.  Comparison  Phase  BOD  data 


Enzyme  assays 

Tlic  catalase  assays  were  performed  on  filtered  ML  samples  collected  from 
Bioreactor  3.  TTiis  water  was  analyzed  for  cn/yme  activity  on  the  assumption 
that  excessive  amounts  of  enzyme  activity  will  be  observed  in  the  Biorcactor  3 
water  as  opposed  to  water  collected  from  one  of  the' other  biorcactors.  How¬ 
ever,  when  litiJe  or  no  enzymatic  activity  was  measured  in  Biorcactor  3  water, 
tliis  assumption  was  coasidcred  invalid.  The  results  of  Uicsc  experiments  arc 
summarized  below. 

Numerous  repetitions  of  the  catalase  a.s.say  were  pcrloimcd  using  the  fil¬ 
tered  ML  from  Biorcactor  3.  When  the  undiluted  Biorcactor  3  filtered  ML 
was  used,  tlic  .solution  in  the  cuvette  became  cloudy,  tlius  resulting  in  incrca,scd 
absorbance,  rather  tlian  decreased  as  expected.  The  absorbance  of  the  solution 
continued  to  increase  over  time,  as  vciy  small  crj'sials  in  the  .solution  floc¬ 
culated.  After  several  hours,  the  precipitate  settled,  resulting  in  a  clear  liquid 
remaining  in  tlic  upjicr  portion  of  the  cuvette.  Tfie  resulting  a.isorbanee  data  is 
presented  in  Figure  26. 
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Figure  23.  Comparison  Phase  COD  data 


When  the  Biorcactor  3  filicred  ML  was  diluted  by  factors  of  OiC-half  or 
onc-tcnth  of  liic  original  concentration,  no  change  in  the  absorbanu'  was  noted, 
indicating  that  no  reaction  took  place.  The  resulting  plots  of  absorbance 
versus  time  for  the  two  diluted,  filtered  samples  arc  presented  as  Figures  27 
and  28,  respectively.  Bolli  Figures  27  and  28  were  compared  with  Figure  26 
ttlie  undiluted  assay)  with  'iitic  or  no  catalase  acllviiy  noted. 

Based  on  the  results  of  tlic  assay,  the.  j  appears  to  be  li'tlc  or  no  catalase  or 
peroxidase  activity  associated  with  the  hltcrcd  water  taken  from  Bioreactor  3. 
The  presence  of  either  excessive  amounts  o.*  catalase  or  pc;roxidasc  in  tlic 
water  phase  of  the  ML  would  have  resulted  in  the  rapid  degradation  ol  hydro¬ 
gen  peroxide  to  water,  witli  a  resulting  decrease  in  the  absorbance  of  ific 
sample. 

The  precipitate  lormcd  during  .several  of  the  tests  may  be  due  to  the  reac 
tion  between  the  residual  hydrogen  peroxide  and  llie  organic  corniKtunds  pres¬ 
ent  in  the  reactor  water.  It  is  lx;licvcd  tliai  llie  precipitate  is  some  sort  of 
protein  present  in  the  system  iliat  becomes  insoluble  in  die  presence  of  hydro¬ 
gen  peroxide. 
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Figure  24.  Comparison  Phase  ammonia  data 


From  our  assessment  of  enzymes  responsible  for  oxidizer  destruction,  Uie 
destruction  of  hydrogen  peroxide  in  Biorcactor  3  is  primariiy  due  to  catalase  or 
peroxidase  production  by  the  microorganisms  in  the  ML.  It  is  likely  that  the 
enzymes  arc  produced  by  the  microbes  only  when  in  direct  contact  with  hydro¬ 
gen  peroxide;  and  since  the  water  used  in  die  assays  was  filtered,  the  microbial 
{Wpulation  was  reduced  to  nearly  zero,  thereby  removing  all  catalytic  activity. 
Ir.5tead  of  attempting  to  analyze  the  enzymes  in  die  unfiliercd  ML,  which  v/ere 
expected  to  be  extremely  high,  it  was  decided  to  use  a  different  approach  to 
quantify  enzymatic  degradation  and  subsequent  utilization  of  hydrogen  perox¬ 
ide  as  an  oxygen  source.  Tliis  approach  involves  quantification  of  enzymatic 
activity  based  on  degradational  kinetics  obtained  from  batch  testing,  which  is 
described  in  die  subsequent  section. 


Hydrogen  peroxide  fate 

A  variety  of  experiments  were  |x:rformed  to  determine  the  mcclianisms  of 
hydrogen  peroxide  degradation  widiin  Biorcactor  3.  A  variety  ot  degradational 
pathways  were  evaluated  through  pcrtoimancc  of  a  number  of  batch  reaction 
experiments.  Prior  to  investigating  these  padiways,  a  mass  balance  assessment 
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Figure  25.  Comparison  Phase  DO  data 


of  hydrogen  peroxide  was  perfonned  tfial  included  reaction  terms  (i.e.,  hydro¬ 
gen  peroxide  was  considered  a  reactive  species).  The  mass  balance  equation 
for  a  system  with  hydrogen  {)croxidc  dosed  into  the  biorcacior  via  hydrogen 
peroxide  injection  into  the  influent  stream  is  presented  below 


di 


V 

r 


Cej 

Vr 


-  a:,  X  q,  X  MLvss  -  k.  x  x  c 


where 

Q  ■-  system  flow  rate,  1/min 

K,  -  MLVSS/H2O2  reaction  rate  constant,  (mg/'f  x  min) ' 

K2  =  sink/H202  reaction  rate  constant,  (nig/C  x  min)  ’’ 

C,  =  summation  of  concentrations  of  abiotic  hydrogen  peroxide  sinks,  such 
as  contaminant(s),  amendments,  iron,  and  carbonate  species,  mg/C 
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Figure  26.  Spectrophotometnc  trace  of  unfittered  influent 


To  convert  tliis  equation  into  an  equation  that  models  systems  injecting 
hydrogen  peroxide  directly  into  the  aeration  via  a  separate  injection  flow, 
simply  replace  the  mass  input  terms,  Q  and  C„,  with  the  flow  rate  from  the 
stock  hydrogen  peroxide  tank,  and  the  concentration  of  hydrog.n  peroxide 
in  the  stock  tank,  Cj^p. 

Note  that  the  above  degradation  terms  arc  based  on  an  assumed  overall 
second  order  reaction.  This  assumption  is  typical  of  oxidation  reactions  and 
will  be  explored  further  in  subsequent  discussions.  Steady-state  conditions  and 
pseudo  first  order  reaction  kinetics  for  the  sink  term  were  assumed,  thereby, 
resulting  in  the  conversion  of  the  reactive  mass  balance  equation  to 


Q  ^  tA',  X  X  MLVSSj  -  {K^  x  V;) 

where  Aij  =  pseudo  first  order  rate  constant,  min  \  which  is  tlieorctically 
equal  to 

k,  =  K,x 


For  the  reactive  mass  balance  steady-state  model  to  be  of  value  to  llic 
design  community,  the  rate  constants,  K/  and  k^.  must  be  dcteimincd.  The 
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following  discussions  present  the  results  of  tfic  experimcni?  to  determine  the 
numerical  value  of  these  constants. 


Reaction  with  ML  biomass  (biotic  degradation) 

Batch  hydrogen  peroxide  reaction  exoenments  were  performed  using  ML 
samples  collected  from  the  biorcacvors  from  another  ongoing  WES  study.  The 
MLVSS  used  was  2,209,  1,105,  553,  and  270  mg/f.  Hydrogen  peroxide  was 
dosed  at  1(X)  mg/C.  Results  from  these  experiments  were  graphed  on  a  semilog 
plot  of  dimensionless  hydrogen  peroxide  conccntiation  (C  .'Q)  versus  test  time 
in  minutes  (Figure  29).  Each  data  set  represents  an  average  of  two  replicate 
runs.  A  curve  fitting  effon  of  tfie  data  was  undenaken  dial  indicated  that  a 
straight  line  was  a  good  fit  (all  regressions  had  correlation  of  fit  constants  [r^j 
greater  than  0.90).  A  straight  line  fit  indicates  dial  the  degradation  kinetics 
appear  to  be  first  order  with  respect  :o  hydrogen  peroxide.  By  definition  of 
first  order  kinetics,  the  slope  of  a  lineai  plot  using  a  semilog  plot  is  the  numer¬ 
ical  value  for  the  first  order  rate  constant.  Based  on  the  units  selecmd  for 
these  experiments,  the  units  associaied  with  the  rate  constants  arc  invcisc  time 
(min  ').  The  first  hydrogen  peroxide  degradation  rate  constants  for  each  of  the 
MLVSS  levels  tested,  2,209,  1,105,  5!. 3.  ana  276  mg/C,  were  0.453,  0.218, 
0.091,  and  0.047  min  ',  respectively.  Tlicse  rate  constants  were  then  plotted  on 
a  standard  cartesian  plot  against  tlic  v,.,rious  MLVSS  values  yielding 
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a  suaiglit  line  (T-'igurc  30).  The  straight  line  plot  of  the  rate  coastants  versus 
MLVSS  values  indicates  that  the  overall  reaction  order  of  hydrogen  peroxide 
and  MLVSS  is  second  order,  and  first  order  with  respect  to  both  hydrogen 
peroxide  and  MLVSS.  Since  the  first  order  rate  constant  is  equal  to  a  function 
of  the  overall  reaction  rate  constant  Kj  and  MLVSS  concentratioas  (i.e.,  k  = 

K  X  MLVSS),  the  slope  of  the  line  in  Figure  30  is  numerically  equal  to  die 
overall  reaction  rate  constant  K,,  which  was  determined  to  be 
0.00022  (mg/{  X  min)  '  with  a  conolation  of  fit  t  of  0.86, 


Reaction  with  groundwater  constituents  and  Influent 
amendments  (abiotic  reactions) 

Additional  batch  cxjxtriments  were  perfonned  to  determine  if  otlter  non- 
regulated  chemicals,  whether  added  a.s  nutrients  oi  already  present  as  contami¬ 
nation  or  natural  constituents,  significantly  impacted  hydrogen  peroxide  fate  by 
serving  as  sinks.  Two  water  samples  were  used  in  thc.se  series  of  cxpcriiiicnts. 
The  first  sample  was  distilled  water  that  was  dosed  wiili  the  s;unc  amendments 
in  respective  amounts  that  were  added  to  Uic  groundwater  influent  (i.e.,  acetate, 
sugar,  and  N/P  nutrients).  Ihis  experiment  evaluated  the  reaction  of  hydrogen 
peroxide  with  the  influent  amendments.  The  second  experiment  used  actual 
RMA  groundwater  that  was  not  anicndcd  witli  the  additives.  'F'his  experiment 
essentially  evaluated  tlie  reaction  of  hydrogen  peroxide  with  the  lx;nzcne  in  the 
groundwater.  Figure  31  presents  the  results  ol  these  experiments,  which  indi¬ 
cate  that  thc.se  reactions  are  relatively  .slow  compared  witli  the  reaction  of 
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H202  DEGRADATION  STUDY 

H202  vs.  Time  Various  VSS  Levels 


Initial  Dose  100  ppm 


Figure  29.  Biotic  degradation  of  hydrogen  peroxide  with  various  MLVSSs  versus  reaction  time 


hydrogen  peroxide  witli  the  ML  biomass.  The  p.scudo  first  order  rate  constants 
for  the  amendments  and  groundwater  chemicals  were  0.01336  arid 
0.00234  min  ',  respectively  (r^  for  these  linear  regressions  were  both  in  excess 
of  0.75).  The  two  rate  constants  were  added  logetlier  to  equal  the  overall, 
pseudo  first  order  rate  constant  k,. 

Hydrogen  peroxide  fate  modei 

Tlic  final  form  of  the  steady-state  hydrogen  peroxide  concentration  within 
the  suspended  growUi  biorcactor  treating  contaminated  groundwater  is  pre¬ 
sented  below. 


Q  X  C 


Q  +  (0.0022  X  V;  X  ML  VSS)  +  (0.0159  x  V^) 
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The  above  model  is  valid  as  long  as  the  residual  hydrogen  peroxide  dose  or 
point  of  hydrogen  peroxide  injection  docs  not  have  a  significant  inhibitory  or 
toxic  effect  on  the  Ml.  biomass  activity.  To  use  this  model  for  application  to 
other  groundwater  systems,  the  sink  rate  constants  specific  to  each  water 
source  must  be  expeiimentally  determined.  Further  refinement  to  the  model 
could  be  made  by  convening  the  sink  term  from  a  pseudo  first  order  to  a 
second  order  term  that  has  dependence  on  general  water  chemistry.  This  will 
give  the  model  a  more  universal  application  with  little  or  no  experimental 
requirements  prior  to  its  use.  Unfortunately,  iliis  effort  was  beyond  the  .scope 
of  this  study.  However,  ongoing  rc.search  activities  at  WES  will  address  tliis 
issue. 


Otlicr  potential  uses  of  this  model  for  environnu  gineers  are  for  esti¬ 
mating  hydrogen  jxjroxide  fate  in  an  aquifer  undergoing  in  situ  biotreatment  by 
incorporating  this  model  into  an  overall  groundwater  model,  or  estimating  the 
required  hydrogen  peroxide  do.se  into  an  AS  system  witli  low  DOs  as  a  result 
of  an  input  of  a  higfily  contaminated  slug  ol  organic  material.  Hydrogen  per¬ 
oxide  dosing  is  also  commonly  done  by  municipal  sewage  plants  to  raise  aera¬ 
tion  lank  DO  levels  during  die  summer  to  reduce  anaerobically  produced 
odors. 
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Figure  31 .  Abiotic  degradation  of  1 00-mg/«  HjOj  versus  test  time 


Summary 

The  elimination  of  a  contain inaicd  gas  stream  exiting  the  bioreacior  with 
litUc  or  no  sacrifice  to  biorcactor  performance  was  the  essence  of  this  study. 
The  results  presented  from  this  study  phase  prove  tlic  technical  feasibility  of 
using  hydrogen  peroxide  as  an  alternative  oxygen  source  for  AS  systems  treat 
ing  waters  containing  VOCs  that  may  bo  stripjTcd.  Al.so.  a  hydrogen  peroxide 
fate  model  was  proposed  and  developed.  The  data  u.scd  for  developing  the 
model  indicate  that  the  major  fate  icnn  for  hydrogen  peroxide  is  biotic 
reactions. 


Optimization  Phase 

Based  on  these  results,  an  Opiimi/.alion  Pha.se  was  initiated  to  dcicnninc  tlic 
optimum  residual  hydrogen  peroxide  dose.  Al.so,  an  economic  evaluatitm  of 
hydrogen  peroxide  dosing  as  an  alternative  oxygen  source,  as  compared  wilt; 
both  air  and  oxygen  peroxide  .sparging,  was  pciiormcd.  As  previously  stated, 
the  dosing  rate  selected  in  the  Conifiarison  Phase  was  based  on  tlic  measured 
OUR  for  the  air  sparged  biorcaciors.  Three  residual  hydrogen  peroxide  levels 
were  evaluated  during  tlic  Orniraizalion  Phase:  1(X)  mg/J,  50  mg/f,  and 
10  nig/C.  Prior  to  tlic  dosing  of  the  three  biorcaciors  with  the  three  candidate 
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Figure  32.  Optimization  Phase  SVI  data 

dosages,  tlie  contents  from  all  three  biorcactors  were  mixed  together  to  ensure 
that  each  bioreactor  had  approximately  the  same  biomass  at  tlic  initiation  of 
this  study  phase.  Ihc  impact  of  each  hydrogen  peroxide  dose  rate  on  ilic 
performance  of  lire  biorcactors  arc  discussed  below. 

SVI 

Figure  32  pre.scnts  the  SVI  data  for  the  three  biorcactors  during  the  Optimi¬ 
zation  Phase.  These  data  indicate  that  vdthin  2  weeks  ol  operating  Biorcac- 
lor  1  under  an  applied  rcsiduiil  hydiogen  |)croxidc  dose  of  10  mg/f,  the  settling 
chaiaetenstics  went  from  poor  to  almost  non.sciUiiig.  During  this  same  period, 
the  measured  SV!  of  the  ML  from  the  otlicr  two  biorcaciors  (2  and  3) 
remained  constant  at  approximately  500. 


MLSS 

Figure  33  presents  tfic  MLSS  data  for  the  three  biorcactors  during  the  Opti¬ 
mization  Plia.se  The  MLSS  data  indicate  that  biomass  in  Bioreaeiors  2  and  3 
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remained  relatively  stable  over  the  course  of  this  study  phase.  On  Day  537,  an 
interruption  in  the  influent  feed  because  of  malfunctioning  of  the  influent 
pumps  resulted  in  an  upset  in  Bioreactors  2  and  3  and  resulted  in  a  slight 
solids  loss.  However,  both  bioreaciors  recovered  with  an  increase  in  MLSS  to 
levels  prior  to  the  upset  in  influent  feed.  On  the  other  hand,  Biorcactoi  1 
experienced  continual  MLSS  reductions  tfiroughout  tlie  Optimization  Phase, 

By  Day  543,  Bioreacior  1  was  considered  biologically  dead  because  MLSS 
dropped  to  levels  below  100  mg/C. 


MLVSS 

Figure  34  presents  the  MLVSS  data  for  the  three  bioreactors  during  the 
Optimization  Phase.  These  data  followed  the  same  trends  observed  with  the 
MLSS. 
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Figure  34.  Opiimization  Phase  MLVS3  data 


COD 

Figure  35  presents  the  COD  data  for  the  tlirce  bioreactors  during  the  Opti¬ 
mization  Phase.  The  COD  data  indicate  that  the  rapidly  decreasing  solids 
concentrations  did  not  appear  to  significantly  impact  COD  removal.  This  trend 
is  surprising,  especially  in  light  of  the  extremely  low  solids  concentrations 
measured  toward  the  end  of  the  Optimization  Phase  (Day  543). 


Benzene 

As  was  the  case  with  t  ic  oUtcr  test  ptiases,  benzene  was  not  detected  in  any 
of  die  biorcaciur  elfluen’.s,  including  Bioreaclor  1 . 
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Figure  35.  Optimization  Phase  COD  data 


Economic  Evaluation 


To  evaluate  the  comparative  economics  associated  with  Uic  various  oxygen 
sources,  a  pilot-scale  AS  system  was  designed  based  on  the  results  of  this 
bench  study.  Each  oxygen  source  was  evaluated  m  terms  of  scalc-up  and 
quotes  from  several  equipment  vendors  obtained. 


System  design 

The  pilot  system  design  was  based  on  results  from  bench  studies,  common 
wastewater  design  values  presented  by  Metcalf  and  Eddy  (1991),  and  charac- 
icrisiic  values  of  groundwater  used  in  this  study  were  used  in  Uic  design  calcu¬ 
lation.  The  following  assumptioas  were  used  to  dcicmiinc  reactor  size  and 
oxygen  requirements: 

a.  Design  flow  rale,  Q  =  1(X)  gpm 

/>.  Hydraulic  retention  time,  HKT  =  16.7  hr. 
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c.  Volume  of  aeration  basin,  V,<,  -  100,5{X)  gal. 

d.  Basin  dimensions  =  20  by  45  by  15  ft. 
e  BODj  influent  =  270  mg/C. 

/.  BODj  effluent  =  20  mg/C. 

From  Metcalf  tmd  Eddy  (1991),  it  wa.s  luriiier  assumed  that  BOD^  = 

0.68  BOD,  (ultimate  BOD).  Also  ba.scd  on  the  results  of  tJiis  study,  minimum 
sludge  wasting  would  be  required.  The  total  amount  of  BODj  (in  jx^unds) 
degraded  in  the  biorcactor  was  calculated  by. 


Mass  BOD  utilized 


O  (S~S) 

_ L  X  8. .VI  =  4A2  lb  BOD/dav 

0.68 


Assunting  an  8-perccni  oxygen  iransu;r  ctncicncy  and  a  design  safety  factor 
of  2,  Uic  design  air  requirement  for  the  j)ilot  system  was  csiimated  to  be 
440  cfm  or  635,(X)0  cfd  For  co.sl-cslimating  puqxi.ses.  an  activated  carbon  air 
treatment  system  was  included.  Dispttsal  or  regeneration  costs  were  not 
included  in  the  cost  estimates  prcscni  d  As  pan  ol  the  carbon  system,  a  pro¬ 
cess  .stream  dchumidificr  sy.stcm  wa.s  included  tx'causc  activated  carlxtn  is 
inefficient  at  relative  humidities  grcatci  tlian  40  tt)  50  percent.  Also,  a 
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commercial  mixer  was  included  in  the  cost  estimates  lor  both  the  pure  oxygen 
and  hydrogen  peroxide  fed  systems  because  these  systems  will  not  have  suffi¬ 
cient  ML  mixing  capabilities. 

Comparisons  assume  that  costs  for  the  basin,  piping,  and  sludge  handling 
equipment  will  be  approximately  equal  for  all  three  schemes.  Typic.al  power 
and  chemical  costs  were  obtained  from  appropriate  vendors.  Power  costs  were 
assumed  to  be  $0.07/'kWhr  for  all  systems.  Calcuiatioas  assume  24-hr/day, 
year  round  operation  of  the  treatment  facility  and  include  siandaid  engineering 
safety  factors.  Appendix  C  presents  the  cost  information  used  in  estimating 
the  costs  presented  below. 


Air  system 

A  cost  estimate  for  an  aetaiion  system  was  obtained  from  Dr.  James  E. 
Bowie,  Acadiana  Treatment  Systems,  Duson,  Louisiana.  Tlie  estimated  price 
for  blowers,  motor,  valves,  and  associated  iriping  is  $22,965.  Power  costs  for 
the  25-hp  motor  and  air  stream  dehumidifier  were  $16,040  annually.  Mixing 
of  AS  in  the  reaction  vessel  was  designed  to  be  accomplished  via  the  aeration 
systeni;  therefore,  a  mixer  was  not  required. 


Purs  cxygcn  system 

The  quote  for  die  oxygen  system  was  obtained  from  Mr.  Min-Da  Ho,  of 
Praxair,  Inc.  (formerly  Union  Carbidc-Linde  Division),  Tarrytown,  New  York. 
The  quote  was  based  on  the  design  flow  and  OUR  determined  during  this 
study.  Approximately  500  Ib/day  or  182,500  Ib/yr  of  oxygen  will  be  required 
to  meet  the  system  OUR.  Like  the  peroxide  system,  a  mixer  will  be  required 
to  keep  biological  solids  in  suspension  in  the  reactor.  The  capital  costs  for  this 
option,  including  an  off-gas  activated  carbon  treatment  system,  arc  approxi¬ 
mately  $27,650  with  the  annual  operations  and  maintenance  (O&M)  costs  csii- 
maied  to  be  $18,045. 


Hydrogen  peroxide  system 

A  quote  for  the  peroxide  system  was  received  from  Mr.  Gerd  Scherer, 
Manager  of  Environmental  Applied  Technology.  Degussa  Chemicals  Inc., 
Allendale,  New  Jersey.  The  required  materials  included  to  achieve  the  biorc- 
actor  oxygen  demand  ari.  685,000  lb  of  50-pcrccni  HjO^/ycar,  a  metering 
pump,  and  piping  sy.sicm.  A  system  c.ipitai  cost  of  $20,600  was  estimated 
along  with  an  annual  O&M  csiimaled  cosi  of  $274.0(X). 

The  impact  of  hydrogen  })croxide  costs  on  aiuiual  operations  is  apparent. 
The  unit  cost  used  in  Uiis  estimate  was  $0.40  per  jxtund.  Eurthcr  invcsiigailon 
into  hydrogen  peroxide  cost  indicated  that  actual  unit  costs  varied  dramatically 
with  quantity  and  locality.  Also,  reducing  ilic  sysien  organic  loading  (i.c.. 
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lower  influent  BOD)  reduces  hydrogen  peroxide  usage,  thereby  reducing  tlic 
annual  cost.  Figure  36  presents  a  cost  analysis  of  how  both  influent  BOD  and 
hydrogen  peroxide  unit  cost  impacts  the  annual  O&M  costs.  From  this  figure, 
it  car.  be  noted  that  as  organic  loading  is  reduced  and  lower  hydrogen  peroxide 
unit  prices  are  used,  the  economics  associated  with  hydrogen  peroxide  usage  as 
an  oxygen  source  decrease.  However,  it  is  realized  that  lower  BODs  represent 
lower  air  and  oxygen  requirements.  Subsequent  inquiries  on  hydrogen  perox¬ 
ide  costs  indicated  that  hydrogen  peroxide  unit  costs  as  low  as  $0.20  may  be 
found  under  the  appropriate  conditions  (i.e.,  required  quantities  and  location  to 
tlic  sales  facility). 


Summary 

The  economic  analysis  perfonned  on  the  results  of  this  study  indicates  that 
the  hydrogen  peroxide  fed  system  had  the  lowest  capital  cost  at  $20,600,  with 
the  air  sparged  system  being  second  at  $22,965,  and  the  pure  oxygen  sparged 
system  the  most  capital  intensive  at  $27,650.  In  terms  of  operations  and  main¬ 
tenance  costs  per  annum,  the  pure  oxygen  sparged  system  was  cheapest  at 
$18,045  per  year,  followed  by  the  air  sparged  system  at  $23,540  per  year,  and 
the  hydrogen  peroxide  fed  system  costing  a  full  order  of  magnitude  higher  at 
$277,430  per  year. 

Another  consideration  is  the  case  when  activated  carbon  is  a  poor  adsorbent 
for  tlie  VOC  being  treated.  In  ongoing  studies  at  WES  by  Gunnison,  Penning¬ 
ton,  and  Zappi  (this  information  is  not  yet  published),  the  determination  has 
been  made  that  n-nitrosodimetltylaminc  (NDMA)  does  aerobically  biologically 
degrade;  however,  this  compound  is  a  very  poor  adsorbate  on  activated  carbon. 
Using  activated  carbon  for  removing  NDMA  from  off-gases  would  be 
extremely  expensive.  Also,  'he  BOD  of  a  system  treating  NDMA- 
contaminated  groundwater  will  likely  liavc  a  ver)'  low  BOD.  Tlic  combination 
of  these  two  factors  is  one  of  the  few  cases  where  using  hydrogen  peroxide  as 
an  oxygen  source  will  be  cost-effective. 

In  summary,  hydrogen  peroxide  is  capable  of  supporting  an  AS  system. 
However,  unless  the  influent  VOCs  arc  poor  adsorbents,  a  low  influcni  organic 
loading  is  involved,  or  volatile  amendments,  such  as  toluene  for  dioxygenase 
degradation  of  TCE,  arc  involved,  then  the  u.sc  of  hydiogen  peroxide  i.s  cost 
prohibitive,  but  tcdinicalJy  feasible. 
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4  Conclusions 


Tl-ie  Acclimation  Phase  of  this  study  indicated  that  an  inoculum  from  a 
suspended  growth  municipal  sewage  treatment  plant  could  be  acclimated  lo  the 
contaminants  in  the  RMA  Well  01014  groimdwatcr.  However,  the  ability  of 
the  AS  process  to  utilize  the  contaminants  in  tlic  groundwater  as  the  sole  car¬ 
bon  sources  was  not  evaluated.  Respirometcr  testing  of  a  nonacclimated 
microbial  consortia  to  the  acclimated  consoa'a  did  indicate  significant  benefit 
toward  the  use  of  the  acclimated  consortia. 

The  AS  process  has  potential  for  removing  gross  pollutants  and  VOCs  from 
the  groundwater.  BOD  removals  were  always  in  excess  of  95  percent.  How¬ 
ever,  COD  removals  w'cre  always  in  excess  of  only  50  percent.  Benzene  was 
never  detected  in  the  effluents  from  the  biorcactors  during  the  course  of  the 
study.  A  steady-state  hydrogen  jxjroxide  fate  model  was  proposed.  This 
model  can  bt  used  by  design  engineers  tor  estimating  hydrogen  peroxide  dos¬ 
ing  requirements. 

A  bioreactor  was  successfully  maintained  using  hydrogen  peroxide  as  the 
sole  source  of  oxygen.  Aii  and  oxygen  sparged  biorcactors  scrvexl  as  test 
controls.  There  was  no  observed  difference  between  the  various  bioreactors  in 
lenns  of  contaminant  removal  and  biomass  stability  except  for  the  benzene  off¬ 
gassing.  Analysis  of  the  gas  streams  exiting  the  bioreactors  indicated  iliat 
approximately  15  and  1  percent  of  the  benzene  was  removed  from  the  air  and 
oxygen  sparged  biorcactors  via  volatilization,  respectively. 

The  cost  of  operating  an  AS  biorcacior  using  hydrogen  peroxide  is  appinxi- 
matcly  an  order  of  magi^itudc  more  costly  than  the  gas  sparged  systems 
equipped  with  off-gas  treatment.  Oxygen  sparging  with  off-gas  treaunent 
seemed  the  most  cosi-cffcciivc  teclmique  of  all  by  costing  only  0.75  percent  of 
the  costs  associated  with  aii  sparging  wifii  off-gas  treatment. 


In  summary',  the  use  of  llic  hydrogen  peroxide  as  an  altcniativc  oxygen 
source  has  potential  for  some  select  situations.  Tlic  degree  of  process 
economic  feasibility  will  depend  on  the  influent  contaminant  type  and  conccn- 
tiations  requiring  ticamient. 
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Appendix  A 

History  of  System  Operations 
and  Observations 


In-House  Laboratory  independent  Research 
Program  Activity  Summary 


1/8/92  Test  Day  1 


bcgaTi  groundwater  accumation  pnasc  ui  prujeci.  Kcaciors  ran  at  constant 
conditions  for  3  weeks  prior  to  first  addition  of  groundwater. 


8/24/92  Test  Day  24 


Flow  rate  was  set  for  6  ml/rnin,  giving  a  hydraulic  retention  time  (HRT)  of 
5.56  hr.  Feed  consisted  of  tlic  following:  4.5  g  sodium  acetate,  3.6  g  ammo¬ 
nium  sulfate,  0.3  g  ammonium  phosphate,  0.5  g  dextrose,  and  0.6  g  glutamic 
acid.  In  addition,  150  ml  of  sludge  w-as  transferred  from  Reactor  3  to 
Reactors  1  and  2. 


8/26/92  Test  Day  26 

One  liter  of  groundwater  was  added  to  14  C  of  influent  wiiii  the  above  nutri¬ 
ents.  Groundwater  concentration  6.7  percent  by  volume. 

9/3/92  Test  Day  34 

Two  liters  of  groundwater  were  added  to  13  C  of  influent  with  the  above  nutri¬ 
ents.  Groundwater  concentration  13.3  percent  by  volume. 

9/6/92  Test  Day  37 

Airflow  was  reduced  from  reading  of  2,1 17  ml/min  to  480  ml/min. 


Appondix  A  History  of  System  Operations  and  Observations 


A1 


9/1 1/92  Test  Day  42 


Four  liters  of  groundwater  were  added  to  11  f  of  influent  with  the  above 
nutrients.  Groundwater  concentration  26.7  percent  by  volume. 


9/16/92  Test  Day  47 

Feed  raic.s  changed  to  the  followiiig:  6.0  g  sodium  acetate,  3.6  g  ammonium 
sulfate,  0.3  g  ammonium  pho.spliatc,  1.0  g  dcxtro.se,  and  1.0  g  glutamic  acid. 

9/28/92  Test  Day  59 

Feed  rates  changed  to  the  following.  10.0  g  sodium  acetate,  3.6  g  ammonium 
sulfate,  0.3  g  ammonium  phosphate.  3.0  g  dextrose,  and  3.0  g  glutamic  acid. 
Six  liters  of  groundwater  were  added  to  9  f  of  influent  with  the  above  nutri¬ 
ents.  Groundwater  concentration  40  percent  by  volume. 


10/2/92  Test  Day  63 

Twenty  milliliters  ot  activated  sludge  from  the  Jack.son  wa.stewatcr  treatment 
plant  (WWTP)  was  added  to  Reactors  1,  2,  and  3. 


mm  m 


Two  hundred  milliliters  of  activated  sludge  from  the  Jackson  WWTP  was 
added  to  Reactor  2.  Eight  liters  of  groundwater  weie  added  to  7  f  of  influent 
witfi  the  above  nutrients.  Groundwater  concentration  53.3  percent  by  volume, 

1  P/26/92  Test  Day  87 

Ten  liters  of  groundwater  were  added  to  5  {  of  influent  with  the  aftovc  nutri¬ 
ents.  Groundwater  concentration  66.7  percent  by  volume. 

10/30/^2  Test  Day  91 

Flow  rate  decreased  to  3  ml/min.  HRT  =  11.1  hr. 

11/4/92  Test  Day  96 

Flow  rate  dccreat  ed  to  2  ml/min.  HR!  =  16.7  hrs. 

Feed  rates  changed  to  Uie  following:  10.0  g  sodium  acetate,  1.2  g  ammonium 
sulfate,  0.3  g  ammonium  phosphate.  3.0  g  dextrose,  and  3.0  g  glutamic  acid. 

ll/i6A^2  lest  Day  108 

'Unnccn  liters  of  groundwater  were  added  to  2  C  of  inlluenl  witli  tlic  above 
nut' '’tits.  Gn>"i)dwaier  concentration  86.7  percent  by  volume. 
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11/18/92  Test  Day  110 


Feed  rates  changed  to  the  following;  10.0  g  sodium  acetate,  7.2  g  ammonium 
sulfate,  0.6  g  am.monium  phosphate,  3.0  g  dextrose,  and  3.0  g  glutamic  acid. 

11/30/92  Test  Day  122 

Influent  changed  to  lOO-pcrcent  Rocky  Mountain  Arsenal  (RMA)  groundwater. 
Feed  rates  changed  to  the  following:  10.0  g  sodium  acetate,  1.2  g  ammonium 
sulfate,  0.3  g  ammonium  phosphate,  3.0  g  dextrose,  and  3.0  g  glutamic  acid. 

Groundwater  acclimation  phase  complete. 

12/14/92  Test  Day  136 

Because  of  low  feed  rates  of  influent,  excessive  volatih/.ation  of  benzene  was 
occurring  in  the  influent  container.  To  reduce  volatihzation,  6.5  i  of  influent 
was  prepared  ins.jad  of  the  usual  15  C.  Nutrient  addition  for  6.5  f  of  RMA 
groundwater  are  as  follows:  0.667  g  sodium  acetate  (103  ppm),  1.764  g 
ammonium  sulfate  (271  ppm),  0.078  g  ammonium  phosphate  (12  ppm),  0.2  g 
dextro.se  (31  ppm),  and  0.2  g  glutamic  acid  (31  ppm). 

12/15/92  Test  Day  137 

Low  vortex  mechanica’  mixers  were  installed  on  all  reactors.  Mixer  on  Reac¬ 
tor  2  did  not  work  properly. 

12/16/92  Test  Day  138 

Remaining  mixers  on  reactors  failed.  All  mixers  were  r  moved  and  returned 
to  manufacturer. 

1/28A?3  Test  Day  181 

Begin  hydrogen  peroxide  acclimation  phase  of  project. 

Fifty-parts  per  million  .solution  of  H2O2  was  added  to  Reactor  3.  Flow  rate  of 
HjOj  was  10  ml/lir. 

2/8/93  Test  Day  192 

Feed  make  up  remained  the  same  as  noted  on  12/14/93. 

2/11/93  Test  Day  195 

One  hundred  milliliters  of  activated  sludge  from  tlic  Jackson  WWTP  was 
added  to  each  reactor. 
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2/16/93  Test  Day  200 


lasiallco  Lighiin  mixers  on  all  reactors.  Speed  of  all  reactors  was  100  rpm. 
2/17/93  Te.stDay201 

Dissolved  oxygen  (DO)  study  performed  on  Reactors  1  and  3.  DO  study  of 
peroxide  solution  also  conducted. 

2/19/93  Test  Day  203 

DO  lest  conducted  by  mixing  360  ml  of  influent  witli  40  ml  of  50-ppm  H2O2 
and  monitored  DO  for  1  hr.  DO  did  not  change  in  30  min  of  monitoring. 

Test  conducted  by  mixing  360  ml  cf  mixed  liquor  from  Reactor  3  witli  40  ml 
of  50-ppm  H2O2  in  a  biochemical  oxygen  demand  (BOD)  bottle  and  monitor¬ 
ing  DO  for  30  min.  Results  shown  below: 


Reactor  3 

Time,  min 

DO,  mg/C 

0 

6.1 

5 

5.4 

10 

5.0 

30 

4.5 

Reactor  1 

Time,  min 

DO,  mg/C 

0 

7.1 

5 

6.6 

10 

6.3 

30 

5.4 

2/22/93  l  est  Day  206 

DO  study  conducted  on  Reactor  3  by  turning  off  air  and  monitoring  DO  in 
reactor.  Results  as  follows: 

Time,  min  DO,  mg/f 
0  5 

5  2.5 

10  0.4 

30  0.2 

H2O2  flow  was  then  increased  to  40  ml/lir  (Reactor  3).  Air  was  turned  back  on 
and  DO  monitored  for  30  min.  Results  are  as  lollows: 
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Time,  min  DO,  mg/f 

0  2.25 

5  4.0 

10  4.2 

30  4.75 

HjOj  was  then  relumed  to  10  ml/lir  and  the  concentration  increased  to 

200  ppm. 

2/24/93  Test  Day  208 

DO  test  conducted  on  Reactor  3.  Air  was  turned  off  and  HjOj  flow  increased 

to  20  ml/hr.  DO  was  monitored  for  30  min.  Results  shown  below; 

Time,  min  DO,  mg/{ 

0  5.4 

5  3.1 

10  1.4 

30  0.0 

3/2/93  Test  Day  214 

Concentration  ol  HjOj  was  changed  to  1,000  mg/C. 

DO  of  P.cactor  3  was  7.2  mg/%. 

3/3/93  Test  Day  215 

Airflow  on  Reactor  3  reduced  by  one-half  to  240  ml/hr.  DO  in  reactor  for 

next  30  min  was  as  follows: 


Time,  min 

DO,  mfi/C 

0 

4.5 

5 

3.75 

10 

3.0 

30 

2.0 

3/4/93  Test  Day  216 

Flow  rate  of  H2O2  was  increa,scd  to  40  ml/hr. 

Also  added  55.25  g  of  potassium  phosphate  dibasic. 

3/9/93  Test  Day  221 

Added  100  ml  of  settled  sludge  from  the  .lackson  WWTP  to  each  reactor. 
Conducted  peroxide  degradation  studies  on  3/9,  .3/10,  and  3/1 1. 
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3/15/9:^  Test  Day  ^2" 

Began  adding  0.48/5  g  ol  calcium  oxide  (CaO)  to  the  influent  to  raise  pH. 
3/17/93  Test  Day  229 

Acetate,  glutamic  acid,  .'utd  dextrose  amounts  were  doubled  in  the  influent. 
Nutrients  added  to  influent  now  as  follows:  1 .2  g  sodium  acetate  (ppm), 
1.764  g  ammonium  sulfate  (271  ppm),  0.078  g  ammonium  phosphate 
(12  pprn),  0.4  g  dextrose  (62  ppm;,  and  0.4  g  glutamic  acid  (62  ppm). 

3/23,93  Test  Day  235 

H2O2  DO  study  conducted. 

Changed  blade  in  Reactor  1 . 

5/5/93  Test  Day  278 

Conducted  DO  time  study  on  Reactor  3.  Air  was  turned  off  artd  DO  moni¬ 
tored  for  30  min.  Results  as  follows: 


Time,  min 

DOuirusZfi 

0 

if  \  n 

A\J  .\J 

5 

4.8 

10 

1.4 

30 

0.0 

5/12/93  Test  Day  285 

Air  on  Reactor  3  leduccd  t:>  1,145  ml/min.  (Dov/n  f.om  1,500  ml/.-nin.) 
5/'24/93  Test  Da)’  297 

Air  on  Rcac'or  3  reduced  to  699  ml/m.m  (1X:v.t:  from  1,14.5  rnl/min.) 

6/2/93  Test  Da)  306 

f'umcd  off  ail  ait  to  Rcacioi  3. 

1  id  of  hydiogen  peroxide  acchmatiori  pha.se. 

6/?.5t'/3  Test  Day  329 

Begin  ce.mparison  phase  of  pa'jcci 

Reactor  2  cviiivericd  to  pure  c:'.ygcn  fo:  an  supply  Ini’ial  ilov.  rate  csiirnated 
at  144  ml/min. 

All  rcac'.o'-s  naming  on  diOereni  o.'.ygcn  sources. 
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7/20/93  Test  Day  354 


Conducted  peroxide  degradation  studies  widi  mixed  liquor  from  Jackson 
WWTP,  Mixed  liquor  was  taker,  from  settled,  "contacted"  sludge  from  the 
.sludge  aeration  basin. 

First  Test 

Used  500  ml  of  mixed  liquor  and  5(X)  ml  distilled  deionized  (DDI)  water. 
Added  0.2  ml  of  50-percent  HjOj.  Mixed  peroxide  with  mixed  liquor  and 
timed.  Took  samples  at  5,  10,  15.  20,  and  30  min.  Ro.sults  from  lest  arc 
shown. 

Time,  min 
5 
10 
15 


The  pcro.xide  appeared  to  react  very  rapidly  with  the  organic  material  in  the 
mixed  liquor.  No  residual  was  found  after  10  min. 

Second  Test 

Used  1.25  nil  of  mixed  liquor  and  875  ml  DDI  water.  Added  0.2  mi  of  50- 
{Xirccnt  HjOj.  Mixed  peroxide  with  mixed  liquor  and  limed.  Took  samples  at 
5,  10,  15,  20,  and  30  min.  Resulis  from  lest  arc  shown. 


Time,  mi.. 

5 

14.3 

10 

2.5.5 

i;- 

10.5 

20 

16.5 

30 

15.3 

Thiid  'l  est 

Used  77.5  ml  of  mixed  liquor  and  922.5  ml  DDI  water.  Added  0.2  ml  of  50- 
peaeni  11202.  Mi.xed  fxiioxidc  with  mixed  liquor  and  umed.  Took  s.implcs  at 
5,  10,  15,  20,  and  30  min.  Results  from  test  arc  shown. 
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L' 

Time,  min 

fH202l.  ppm 

r. 

rt. 

5 

26.35 

10 

25  (Quant  Strip) 

15 

16.83 

20 

2  (Quant  Strip) 

u 

30 

0.5  (Quant  Stiip) 

10/15/93  Test  Day  441 

End  comparison  phase  of  project. 

12/20/93 

All  biomass  in  Reactor  1  floating  in  clarifier  section.  -Stirred  and  sludge  sunk 
to  bottom  and  reentered  reaction  section.  Added  20  ml  of  mixed  liquor  from 
Reactor  2  to  Reactor  1 . 
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Chcrnica]  oxygen  demand  readings  Iron;  raw  groundwater  taken  from  storage 
barrel: 


Date 

nig/{ 

Description 

I/n/94 

780 

raw 

753 

raw 

1/14/94 

735 

raw 

737 

raw 

925 

w/additives 

900 

w/additives 

1/26/94 

1,151 

raw 

973 

raw 

990 

raw 
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Appendix  B 

Analysis  of  Hydrogen  Peroxide 


Evaluation  of  Candidate  Hydrogen 
Peroxide  Analytical  Techniques 

One  of  the  important  issues  to  be  resolved  in  the  In-fiousc  Laboratory 
Independent  Research  Program  (ILIR)  study  was  to  determine  the  rates  of 
HjOj  degradation  in  die  mixed  liquor  of  an  activated  sludge  system.  To  deter¬ 
mine  these  rates,  the  residual  HjOj  concentration  in  a  sample  is  taken 
repeatedly  over  time,  and  a  plot  of  H2O2  concentration  versus  time  is  obtained. 
Several  methods  for  determining  concentrations  in  Uic  mixed  liquor  were 
investigated. 


Standard  lodometric  Method 

A  well-known  method  for  determining  ozone  conccniiaiions  in  water 
(ozone  is  an  oxidant  similar  to  HjOj)  uses  iodide  and  sodium  thiosulfate  as 
reagents.  An  unknown  amount  of  oxidant  rcacts  with  potassium  iodide  (KI), 
which  is  in  excess.  The  colorless  iodide  ions.  1  .  in  the  .solunon  arc  oxidized 
to  iodine,  I^,  which  has  a  yellowish  color,  llie  Ij  imniediaicly  fonns  Ij  with 
excess  I  ions  in  the  solution.  The  solution  is  then  liiiaied  with  standard  sod¬ 
ium  Uiiosulfatc  until  only  a  faint  yellow  color  remains.  Starch  is  added,  which 
complexes  with  the  I3 ,  giving  a  deep  blue  color.  The  solution  is  then  rapidly 
titrated  to  the  clear  end  point,  and  the  amount  of  oxidani  in  the  sample  com 
puted.  The  half  reactions  in  this  test  are  shown  below. 


ApfXindix  D  Analysis  of  HydU'guri  Hntoxido 


HjOl  +  2H*  +  2c  =  2H2O 
21  =  I;  +  2c 

H2O2  +  2ir  +  21  =  2HjO  +  Ij 


I2  +  1  =  I,- 


25203'-  =  S4O6'  H-  2c- 

li±2£.^2£ 

2SA'  +\y  =  5,.0,'  +  31 


Reagents 

Standard  solutions  of  HjO,  were  made  witli  concentrations  of  2.5,  50,  75, 
and  100  ppm  from  a  SO-fycrceni  by  weight  solution  of  HjOj  to  test  this  method 
in  Uiis  application,  llic  equation  shown  below  was  used  to  calculate  the  vol¬ 
ume  of  H2O2  to  be  added  to  deionized  distilled  water  (DDl)  to  fonn  these 
concentrations. 


V  H2O2  (ml)  =  ppm  H^Q  desired  x  volume  of  sample,  ? 

•720  (1.440  mg/fx  0.5) 


A  2'pcrccnt  by  weight  solution  of  potassium  iodide  K.l)  was  made  by 
adding  DDI  to  23.2  g  of  K1  to  bring  the  volume  to  1  I  This  solution  contri¬ 
butes  an  excess  of  I  to  the  reaction  making  H2O2  Lite  limiting  reagent  in  tlic 
reaction  of  this  method.  A  0.001  N  solution  of  sodium  thiosulfate  (Na.-SjOj) 
was  made  by  adding  DDI  to  40  mi  of  a  0.025  N  stock  solution  of  NiijS203  to 
bring  tlic  volume  to  1  C.  A  stock  solution  of  starch  it.dicator  ana  a  6  M  solu¬ 
tion  of  HCl  were  also  used. 


Procedure 

Fift\  milliliters  of  the  K1  solution  was  added  to  a  lla  k.  A  few'  drops  0! 
HCL  were  added  just  prior  to  adding  the  sample.  The  sample  consisted  of 
liquor  from  an  activated  slurry'  rcacioi  and  an  apjiropriate  volume  ol  ILO^  to 
yield  Uic  desired  conccntraticn.  Ten  milliliters  ol  samjilc  were  added,  and  tlten 
two  milliliters  of  the  starch  indicator  solution  were  added.  Na2S20j  was  tlien 
titrated  until  the  solution  was  clcai.  T  he  conceritraiion  of  HjO;  w'as  calculated 
alter  liic  litraiion  using  the  lollowing  lonnula: 
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[HA]  = 


Nonnalily  of  Na2SjC)3  x  volume  of  liirant 
2  X  volume  of  sajnplc 


Results 

■Several  trials  were  conducted  using  this  method.  The  concentrations  of 
HjO^  calculated  using  this  meiliod  deviated  from  those  concentrations  deter¬ 
mined  using  hydrogen  peroxide  quant  strips.  The  error  of  this  method  in  this 
application  may  be  attributed  to  the  high  amouiu  of  solids  on  an  activated 
sludge  sy.stem.  The  high  amount  of  solids  in  this  .system  interferes  with  the 
identification  of  color  end  points  ncce.ssai7  for  reliable  results. 


Spectrophotometric  Dete»minat8on 

Because  of  Uie  unreliability  of  the  standard  iodomeiric  method  in  this  appli¬ 
cation,  an  allcmpt  was  made  to  determine  concentration  using  spcciro- 
photornetnic  analysis  of  different  combinations  of  Kl,  Ij,  HjOj.  HCI,  and  starch 
solutions,  llie  absorbance  curves  of  these  solutions  were  analyzed  in  an 
attempt  to  find  linear  relationships  between  absorbance  peaks  of  compounds  of 
known  concentrations.  From  these  rclationsnips.  the  unknown  concentration  of 
hydrogen  tx;io.’dde  could  be  determined  indirectly.  The  solvent  u.sed  in  all  of 
the  solutions  was  DDI.  The  assay  developed  is  sensitive  to  10*  moles  per 
liter. 

The  spectre  of  an  solution  was  taken  and  established  that  the  peal,  absor¬ 
bance  of  I2  v/as  at  about  460  nm  (Figure  Bl).  Tlic  peak  absorbance  of  the  1 
ion.  dei'-rmincd  by  taxing  the  spectra  of  a  Kl  solution,  was  below  250  nm 
(Figure  B2),  Tlie  only  noticeable  peak  in  the  spectra  of  an  I2  and  siarcl:  solu¬ 
tion  v.'as  at  460  nm,  or  in  the  same  place,  and  at  the  same  intensity  as  tlic  peak 
of  a  .solution  of  just  T  at  tlic  same  concentration.  Tlic  sped,  of  a  mixture  of 
starch  solution  and  Kl  solution  showed  a  peak  in  tlic  same  location  as  a  .solu¬ 
tion  of  Kl.  Tliis  implies  Uiai  the  .starch  complexes  v,'ith  1, ,  not  I2,  or  1 .  As 
.seen  in  the  reactions  presented  earlier,  H2O2  oxidizes  I  ,  from  Ki,  to  Ij  which 
reacts  wiiii  I  in  the  solution  to  form  Ij".  llie  I,  ab.sorbancc  peaks  were  dcicr- 
miiied  by  analyzing  the  .'■pccira  of  a  solution  of  HjOj,  starch,  and  KI  and  a 
solution  of  H2O2  and  Kl.  llic  H2O2,  starch,  ai'id  Kl  solution  yielded  peaks  at 
565,  350,  and  290  nm  (Figure  B3).  llie  11202  and  KI  solution  yielded  peaks  at 
290  and  350  nm  (F-igurc  B4).  71iis  suggests  tliat  tlic  I3  ion  fonns  peaks  at  290 
and  350  nm  and  complexes  with  ilic  starch  to  form  a  {xiak  at  565  nm.  The 
peak  formed  from  the  ab.sorbancc  of  tlic  starch  complex  is  at  the  direct 
cxfxinsc  of  the  two  Ij'  pxiaks.  Since  tlic  I3  fomis  in  a  reaction  of  1  and  I2.  each 
Ij  will  be  consumed  if  the  I  is  in  excess  and  the  reaction  is  given  time  to 
piocccd  to  completion.  As  seen  in  tlic  balanc.cd  equation  of  the  reaction,  there 
is  a  1;1  ratio  of  H2O;  and  Ij.  If  tlic  .sixicua  is  taken  of  a  solution  containing  an 
unknown  concentration  0)  H2()2.  and  excess  Kl,  and  all  of  the  HjOj  is  given 
time  to  react,  tlic  HjOj  concentration  can  be  determined  from  Uic  absortiancc 
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Figure  B1,  Absorbance  of  Ig  solution 
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curves  of  the  starch  1,'  complex  are  in  Uic  565  nm  range  of  the  spectrum,  and 
this  would  avoid  [xtssihle  interference  by  other  absorbing  organic  compounds 
or  aromatic  compounds  that  frequently  absorb  in  the  lower  ranges  of  the 
spectrum. 

As  seen  in  the  equation,  the  reactions  in  this  method  occur  in  an  acid  med¬ 
ium  and  were  discovered  to  proceed  slowly.  HO  w'as  first  added  in  an  attempt 
to  speed  the  reaction.  Ihc  HCI  addiuon  was  noticed  to  result  in  smaller  I, 
absorbance  peaks.  Tliis  occurrence  may  be  attributed  to  the  fact  tliat  the  O' 
ions  in  the  solution  act  as  an  oxidant  because  of  tlieir  electronegativity  and 
drive  I  ions  in  the  solution  to  Ij.  To  present  an  acid  cataly.st  to  the  reaction, 
tests  will  be  performed  on  the  acid  HI  in  the  future.  It  is  hoped  tfiat  this  acid 
will  speed  the  reaction  and  provide  accurate  results. 


Colormetric  Test  Streps 

Eturing  investigation,  researchers  found  that  L-M  Science,  an  associated 
company  of  E.  Merck,  Inc.,  bad  developed  a  test.  After  consultation,  the  test 
kit  was  purchased.  The  test  proved  very  simple,  reliable,  and  was  used 
throughout  the  duration  of  the  investigation. 

/m  RQFlcx  Rcnectomeier  (EM  Science  Inc.,  Gibbsiown,  NJ)  was  u.scd  to 
measure  hydrogen  peroxide  levels.  TOs  sy.siem  uses  a  colorimetric  type  test  to 
measure  hydrogen  fxjroxidc  residuals  in  the  range  of  0.2  to  20  mg/f.  Becau.se 
of  the  limited  measureracni  range  of  the  instrument,  the  samples  taken  from 
the  mixed  liquor  were  diluted  with  DDI  water.  This  was  accomplished  by 
diluting  a  5-ml  sample  with  95  ml  of  DDI  water  for  a  20.1  dilution.  Ri^sults 
displayed  on  the  meter  were  then  multiplied  by  20. 
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Appendix  C 

Cost  Anaiysis  Calculations 


In-House  Laboratory  Independent  Research 
Program  Economic  Analysis 

To  evaluate  the  costs  of  the  various  treaiineni  regimes,  a  pilot-scale 
activated  sludge  system  was  designed.  Each  oxygen  source  was  evaluated,  and 
quotes  from  several  equipment  vendors  were  obtained.  The  system  design  and 
cost  analysis  are  presented  here. 


System  design 

The  pilot  system  design  was  based  on  the  results  from  bench  studies,  com¬ 
mon  wastewater  design  values  given  in  Metcalf  and  Eddy  (1991)  and  charac¬ 
teristic  values  of  was'cwater  expected  in  this  application.’ 

The  following  assumptions  were  used  to  design  basin  sizes,  oxygen  require¬ 
ments,  etc.: 

Design  flow  rate,  Q,  =  100  gpni 
Hydraulic  retention  time,  HRT,  =  16.7  hr 
Volume  of  Aeration  Basin,  V^.,  =  100.500  gal 
Basin  Dimensions  20  by  45  by  15  ft 

The  average  measured  BODj  for  the  iiiOuenl  and  cflluciu  in  the  bcnch-.scalc 
study  was  used  in  design  of  the  pilot  plant. 

BOD5  influent  =  270  mg/f 
BODj  efOuent  =  20  rng/f 


'  Refcrei’.ces  tiled  in  Uib  aiijKmlix  arc  locaied  ai  Uie  end  of  ilic  tnain  icxi. 
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Cl 


It  was  further  assumed  that  BOD,,  =  0,68  BOD,  (ultimate  BOD) 

(Mclcalf  and  Eddy  1991)  and  that  minimal  sludge  wasting  would  occur,  ic., 
conservative  assumption. 

By  the  following  equation: 

Mass  biochemical  oxygen  demand  (BOD)  utilized  =  0(S-Sj  x  8.34 

0.68 

=  442  lb  BOD/day 


where 

Q  =  design  flow  rate,  mgd 
S  =  influent  BOD5,  mg/C 
Sp  =  effluent  BOD5,  mg/C 

8.34  =  conversion  factor 

For  example,  assuming  an  8-pcrccnt  oxygen  transfer  efficiency  and  a  safety 
faciOi  of  2,  Liie  design  aii  tequirenicni  for  the  pilot  system  is  440  cfm  or 
635,0(K)  cfd.  Vendor  estimates  of  oxygenation  systems  arc  based  on  the  above 
requirement  ol  442  Ib/day  or  on  data  obtained  from  the  bench  study. 

The  conventional  and  pure  oxygen  systems  will  require  treatment  of  con¬ 
taminated  off-gas  streams.  Activated  carbon  systems  will  treat  the  contami¬ 
nated  sucams,  and  prices  from  appropriate  vendors  arc  shown. 


Cost  analysis 

Comparisons  assume  that  costs  for  the  basin,  piping,  and  sludge  handling 
equipment  will  be  approximately  equal  for  all  three  schemes. 

Typical  power  and  chemical  costs  were  obtained  from  appropriate  vendors. 
Power  costs  were  assumed  to  be  $0.07/kWhr  for  all  systems.  Calculations 
assume  24  hr/day,  year-round  operation  of  the  treatment  facility  and  include 
standard  cnginccnng  safely  factors.  Maintenance  costs  are  expected  to  be 
rouglily  equivalent  in  all  three  systems.  Vendor  equipment  lists  and  other 
information  arc  shown  at  Annex. 


Conventional  air  system 

A  cost  estimate  for  an  aeration  system  using  conventional  aeration  wa.s 
obtained  from  Mr.  James  E.  Bowie  of  Water  King/Acadiana  Treamicnt 
Systems,  Duson,  Louisiana.  The  estimated  price  lor  blowers,  motor,  valves, 
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and  associated  piping  is  $13,700.  Power  costs  lor  the  .system  arc  shown 
below.  Mixing  of  activated  sludge  in  the  reaction  vessel  is  provided  by  the 
aeration  sy.stem.  All  equipment  costs  arc  one-time  capital  costs,  and  power 
and  carbon  cosls  are  annual  recurring  costs.  Costs  do  not  include  carbon 
disposal. 


Equipment 


Aeration  system 

$13,665 

Carbon  vessel 

$  4,800 

Heaier-dchumidificr 

$  4,500 

Power 

Aeration  system 

$11,440 

Dchumidifier 

$  4,600 

Carbon 

$_L500 

$46,505 

Pure  oxygen  system 


Tlte  quote  for  the  oxygen  sy.stem  was  obtained  from  Mr.  Min-Da  Ho, 
Praxair,  Inc.  (fotmerly  Union  Carbide-Lindc  Division),  Tarrytown,  NY.  Tlic 
quote  was  based  on  the  uesign  fiow  and  daily  oxygen  (icmand.  Approximately 
Ib/day  or  182,500  Ib/ycar  of  oxygen  will  be  required.  Since  a  much 
smaller  volume  of  gas  will  be  injected  into  the  reaction  vessel,  it  will  not 
provide  adequate  mixing  in  the  basin.  A  mixer  will  be  required  to  keep  bio- 
soiids  suspended  in  the  reactor. 


Some  specialized  dosing  equipment  is  also  required  and  could  be  rented  for 
the  prices  shown  below.  All  equipment  costs  shown  arc  one-time  capital  co.sis, 
and  power,  chemical,  and  carbon  costs  arc  annual  recurring  costs.  Costs  do 
not  include  carbon  disposal. 


Equipment 


Oj  application  system 

$  6.000 

Carbon  vcs.scl  (2) 

$  2.400 

Hcatcr-dchumidificr 

$  3,650 

Mixer 

$15,600 

Chemical 

Oj  (5)  $140Aon 

$12,77.5 

Power 

Mixer 

$  3.430 

Dchumidifier 

$  1,840 

Total 

.545  695 
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Hydrogen  peroxide  system 

A  quote  lor  the  peroxide  system  was  received  from  Mr.  Gcrd  Scherer, 
Manager  of  Environmental  Applied  Technology,  Degussa  Corporation.  Tlic 
estimate  was  based  on  the  above  flow  regime  and  data  obtained  during  bench- 
scale  studies  for  peroxide  application  rates.  The  required  materials  include 
685,000  lb  of  50-percent  HjOj/year,  a  metering  pump  and  piping  system,  and 
peroxide  storage  equipment.  A  mixer  would  be  required  in  this  system  since 
no  mixing  will  be  provided  by  the  oxygenation  system  as  in  the  standard  sys¬ 
tem.  All  equipment  costs  are  one-time  capital  costs;  power  and  chemical  costs 
arc  annually  recurring. 

Equipment 

Hj02  storage  (tote  bin) 

H2O2  metering  pump 

Mixer 

Chemical 

H2O2  (50  percent)  (a  $0.40/lb  $274,000 

Power 

Mixer  $  3,430 

Total  $298,030 


$  3,500 
$  1,500 
$  15,600 
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